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Foreword 



T oday, it is generally recogni2ed that human activities are 
significantly changing the composition of the earth’s 
atmosphere and are thus provoking the imminent threat of 
catastrophic climate change. Critical concentration changes 
are those of carbon dioxide (CO2), laughing gas (dinitrogen 
monoxide, N2O) and methane (CH4). The present-day con- 
centration of CO2 is above 380 ppm (parts per million), far 
more than the maximum CO2 concentration of about 
290 ppm observed for the last 800,000 years. The most re- 
cent reports of the World Climate Council, the Intergov- 
ernmental Panel on Climate Change (IPCC) and the COP-16 
meeting in Cancun in December, 2010 demonstrate that 
the world is beginning to face the technological and polit- 
ical challenges posed by the requirement to reduce the 
emissions of these gases by 80 % within the next few 
decades. The nuclear power plant catastrophe in Fukushi- 
ma on March 11*, 2011 showed in a drastic way that nu- 
clear power is not the correct path to C02-free power pro- 
duction. Germany made a reversal of policy as a result, 
which has attracted attention worldwide. In the coming 
years, we shall certainly be trailblazers in the global trans- 
formation of our energy system in the direction of one hun- 
dred percent renewable sources. 

T his ambitious goal can be achieved only through sub- 
stantial progress in the two main areas that affect this 
issue: Rapid growth of energy production from renewable 
sources, and increased energy efficiency, especially of build- 
ings which cause a large portion of our total energy needs. 
Unfortunately, these two concrete, positive goals are still 
being neglected in the international climate negotiations. 

T his book presents a comprehensive treatment of these 
critical objectives. The 26 chapters of this greatly ex- 



panded 2 ^^ English edition have been written by experts in 
their respective fields, covering the most important issues 
and technologies needed to reach these dual goals. This 
volume provides an excellent, concise overview of this im- 
portant area for interested general readers, combined with 
interesting details on each topic for the specialists. 

T he topics addressed include photovoltaics, solar-ther- 
mal energy, geothermal energy, energy from wind, 
waves, tides, osmosis, conventional hydroelectric power, 
biogenic energy, hydrogen technology with fuel cells, build- 
ing efficiency and solar cooling. The very topical question 
of how automobile mobility can be combined with sus- 
tainable energies is discussed in a chapter on electric vehi- 
cles. The treatment of biogenic energy sources has been ex- 
panded in additional chapters. 

I n each chapter, the detailed discussion and references to 
the current literature enable the reader to form his or her 
own opinion concerning the feasibility and potential of 
these various technologies. The volume appears to be well 
suited for generally interested readers, but may also be used 
profitably in advanced graduate classes on renewable en- 
ergy. It seems especially well suited to assist students who 
are in the process of selecting an inspiring, relevant topic 
for their studies and later for their thesis research. 

Eicke R. Weber, 

Director, 

ISE Institute for Solar Energy Systems, 

Freiburg, Germany 



Renewable Energy. Edited by R.Wengenmayr,Th. Biihrke. Copyright © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 




PREFACE 






1 



Preface 



T his book gives a comprehensive overview of the de- 
velopment of renewable energy sources, which are es- 
sential for substituting fossil fuels and nuclear energy, and 
thus in securing a healthy future for our earth. 

A variety of energy resources have been discussed by ex- 
perts from each of the fields to provide the readers 
with an insight into the state of the art of sustainable en- 
ergies and their economic potential. 

Most important is that: 

1) Some of the renewable energy sources are already less 
expensive than oil or nuclear power in their overall eco- 
nomic balance today, such as wind power or solar ther- 
mal energy; close to achieving this goal, for example, 
are also solar cell panels. 

2) It is misleading to seek an attractive alternative in nu- 
clear power plants: They are not! By comparison, the 
construction of a wind park takes under one year, while 
the construction of a nuclear power plant requires close 
to seven years. The cost of a wind park is less than 30 % 
of the price of a nuclear power plant of the same out- 
put. The nuclear plant also entails additional costs for lat- 
er dismantling and for the final storage of its radioactive 
waste products, which will put a burden on our de- 
scendants for many hundreds of years to come. It is al- 
so a little-known fact that the uranium mines - most of 
them in the Third World - contaminate large areas with 
their radioactive wastes and poison rivers with millions 
of tons of toxic sludge. 

T he good news is that already at the end of 2010, world- 
wide annual power generation by wind plants and so- 
lar cells exceeded the output of all the nuclear power plants 
in the USA and France combined. However, representatives 
of the conventional power industry frequently argue that 
solar conversion is unreliable because the sun doesn’t al- 
ways shine. We give them an emphatic answer: “No, at night 
of course not, but who needs more energy at night when 
there is already more low-cost power available than we can 



use?” An important point is that solar cells - seen from a 
worldwide perspective - can make an essential contribu- 
tion in the midday and afternoon periods, when power con- 
sumption is highest. Wind, however, fluctuates more, but 
with more digitally-regulated power distribution and rapid- 
ly developing storage facilities, these fluctuations can be 
minimi 2 ed, and already today, wind parks are important con- 
tributors to the global power balance. 

T oday, the nuclear and petroleum industries take the 
growing competition from wind and solar energy very 
seriously. In the USA, one is made aware of this by their 
alarmingly accelerating lobbyist activities in Washington, 
opposing support of the development of sustainable ener- 
gies. We in the democratic countries should use our voting 
power to elect those parties and politicians who under- 
stand the necessities of our times and thus the opportuni- 
ties of sustainable energies, and who support and work to- 
wards their further development and implementation. 

T his book offers a good choice of topics to all its inter- 
ested readers who want to inform themselves more 
thoroughly, and in addition to all those who want to work 
in one of the many branches of sustainable energy devel- 
opment and deployment. It represents an important con- 
tribution towards advancing their urgently needed imple- 
mentation and thereby avoiding a threatening catastrophe 
brought on by unwise energy policy. 

A ll together, it is a pleasure to read this book; it deserves 
a special place on every bookshelf, with its excellent 
form and content. It will have a lasting value in recording 
the current state of the rapid developments of sustainable 
energies. 

Karl W. Boer, 

Distinguished Professor of Physics and Solar Energy, 
emeritus 

University of Delaware 
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First-hand Information 



I n the four years since the publication of the first edition 
of this book, the world has undergone drastic changes in 
terms of energy. This is reflected in the expansion of this 
second edition to nearly 30 chapters. The most dramatic oc- 
currence was the terrible Tsunami which struck Japan in 
March of 2011 and set off a reactor catastrophe at the nu- 
clear power plants in Fukushima. In Germany, the govern- 
ment reacted by deciding to phase out nuclear power com- 
pletely by 2022. Nevertheless, the ambitious German goals 
for reducing the emissions of greenhouse gases were re- 
tained. Renewable energy sources will therefore have to 
play an increasing role in the coming years. 

N early four hundred thousand jobs have been created 
in Germany in the field of sustainable energy, many of 
them in the area of wind energy. However, the German pho- 
tovoltaic industry is in crisis, in part because Chinese solar- 
module producers can now manufacture and market their 
products at a lower price. In 2012, the U. S. Deparment of 
Commerce posted anti-dumping duties on solar cells from 
China. This conflict illustrates what basically is good news 
for the world as a whole, since the increased competition 
will rapidly lower the costs of solar power. 

T his book of course is not restricted to only the German 
perspective. In particular, it introduces a variety of tech- 
nologies which can help the world to make use of sustain- 
able energies. From a technical point of view, this field is 
extremely dynamic. This can be seen by again looking at the 
example of photovoltaic power: Since the first edition, the 
established technologies based on silicon have encountered 
increasing competition from thin-film module manufactur- 
ers, whose products save on energy and resources. Ac- 
cordingly, Nikolaus Meyer completely revised his chapter on 
chalcopyrite (CIS) solar cells. The chapter by Michael Harr, 
Dieter Bonnet and Karl-Hein 2 Fischer on the promising cad- 
mium telluride (CdTe) thin-film solar cells is completely 
new in this edition. 

T he biofuels industry, on the other hand, has developed 
an image problem. Aside from the competition for 
arable land with food-producing agriculture (the ‘food or fu- 
el’ controversy), the first generation of biofuels has also 
been pilloried because of its poor CO 2 balance. Gerhard 
Kreysa gives an extensive analysis of the contribution that 
can be made by biofuels to the world’s energy supply in a 
reasonable and sustainable way. Nicolaus Dahmen and his 
collaborators introduce their environmentally friendly bi- 
oliq® process from the Karlsruhe Institute of Technology, 
which is on the threshold of commerciali 2 ation and has 
aroused interest internationally. Carola Griehl’s research 



team looks forward to a future powered by biofuels pro- 
duced from algae. 

E lectric power from renewable sources requires intelli- 
gent distribution and storage. An exciting international 
example is the DESERTEC project, which envisions a sup- 
ply of power to Europe from the sunny regions of North 
Africa. Eran 2 Trieb from the German Aeronautics and Space 
Research Center was involved in the DESERTEC feasibility 
study and presents its results in detail here, in particular 
the win-win situation for both producers and consumers. 
The large solar thermal plants can meet the rapidly grow- 
ing power needs of the North African population, for ex- 
ample for supplying potable water by desalination of sea- 
water. 

N early all the chapters were written by professionals in 
the respective fields. That makes this book an espe- 
cially valuable and reliable source of information. It can be 
readily understood by those with a general educational 
background. Only a very few chapters include a small 
amount of mathematics. We have left these formulas inten- 
tionally for those readers who want to delve more deeply 
into the material; these few short passages can be skipped 
over without losing the thread of information. Extensive 
reference lists and web links (updated shortly before print- 
ing) offer numerous opportunities to access further mater- 
ial on these topics. 

A ll the numbers and facts have been carefully checked, 
which is not to be taken for granted. Unfortunately, 
there is much misinformation and misleading folklore in 
circulation regarding sustainable energies. This book is 
therefore intended to provide a reliable and solid source of 
information, so that it can also be used as a reference work. 
Its readers will be able to enter into informed discussions 
and make competent decisions about these important 
topics. 

W e thank all of the authors for their excellent cooper- 
ation, William Brewer for his careful translation, and 
the publishers for this beautifully designed and colorful 
book. In particular, we want to express our heartfelt thanks 
to Ulrike Euchs of Wiley-VCH Berlin for her active support 
and her patience with us. Without her, this wonderful book 
would never have been completed. 

Thomas Biihrke and Roland Wengenmayr 

Schwet 2 ingen and Erankfurt am Main, Germany 
August 2012 
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The Development of Renewable Energy Carriers 

Renewable Energy Sources 
- a Survey 

BY Harald Kohl | Wolfhart DOrrschmidt 



Renewable energy sources have developed into a global 
success story. How great is their contribution at present in 
Germany, in the European Union and in the world? How 
strong is their potential for expansion? A progress report on 
the balance of innovation. 

R enewable energy has become a success story in Ger- 
many, in Europe, the USA and Asia. Current laws, direc- 
tives, data, reports, studies etc. can be found on the web site 
on renewable energies of the German Federal Ministry for 
the Environment [1]. 

The European Union - ambitious Goals 

Let us first take a look at developments within the European 
Union: On June 25, 2009, Directive 2009/28/EG of the Eu- 
ropean Parliament and the Council for the Advancement of 
4 I Renewable Energies in the EU took effect [2]. The binding 



goal of this directive is to increase the proportion of re- 
newable energy use relative to the overall energy con- 
sumption in the EU from ca. 8.5 % in the year 2005 to 20 % 
by the year 2020. The fraction used in transportation is to 
be at least 10 % in all the member states by 2020. This in- 
cludes not only biofuels, but also electric transportation us- 
ing power from renewable sources. A binding goal was set 
for each member state for the fraction of sustainable ener- 
gy in the total energy consumption (electric power, heat- 
ing/cooling and transportation), depending on the starting 
value in that country. For Germany, this goal is 18 % by 2020, 
while for the neighboring countries, it is: Belgium, 13 %; 
Denmark, 30 %; France, 23 %; Luxemburg, 11%; the Nether- 
lands, 14 %;Austria, 34 %; Poland, 15%; and for the C 2 ech Re- 
public, 13 %. 

The member states can choose for themselves which 
means they employ to reach these goals. The development 
of renewable energy sources for electric power generation 
has been particularly successful in those member states 
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Installation of a wind-energy plant at the offshore wind 
energy park Alpha Ventus, which started operation in the 
North Sea in 2009 (photo: alpha ventus). 



TAB. 1 



WORLDWIDE INSTALLED WIND POWER IN MW; YEAR 20T0 







Region 




Country 


End of 


New in 


End of 






(examples) 


2009 


2010 


2010 


Africa and 


Egypt 


430 


120 


550 


Middle East 


Morocco 


253 


33 


286 


total 






866 


213 


1079 


Asia 




China 


25 805 


16 500 


42 287 






India 


10 926 


2 139 


13 065 






Japan 


2 085 


221 


2 304 


total 






39 639 


19 022 


58 641 


Europe 




Germany 


25 777 


1 493 


27 214 


(EU- and Non- 


Spain 


19160 


1 516 


20 676 


EU countries) 


Italy 


4 849 


948 


5 797 






France 


4 574 


1 086 


5 660 






United Kingdom 


4 245 


962 


5 204 






Austria 


995 


16 


1 Oil 


total 






76300 


9 883 


86 075 


Latin America 


Brazil 


606 


326 


931 


und Caribbean 


Mexico 


202 


316 


519 


total 






1306 


703 


2 008 


North America 


USA 


35 086 


5115 


40180 






Canada 


3319 


690 


4 009 


total 






38405 


5 805 


44 189 


Pacific 




Australia 


1 702 


167 


1 880 


total 






2221 


176 


2397 


Global totals 




158 738 


35 802 


194 390 



Source: [10]. The values are in part preliminary due to rounding errors, shutdown of plants, and 
differing statistical methods, leading to deviations from national statistics. 



which, like Germany, have given priority and a grid feed-in 
premium to power from these sources, analogous to the 
German Renewable Energy Act (EEG). Twenty of the EU 
countries have in the meantime adopted such laws to pro- 
mote the use of power from renewable sources; worldwide, 
50 countries have done so [3,4]. 

As an interim result, by 2010 the following proportions 
of renewable energy were used in the EU: for electricity, 
about 20 %; for heating/cooling, around 13 %; and for road 
transportation, around 4 %. Electric power generating plants, 
especially those using wind power, solar energy and bioen- 
ergy, have made clear progress. In the future, they will most 
likely maintain their head start. In this process, not only are 
technical progress and cost efficiency relevant, but also the 
establishment of organizational structures which take into 
account all the criteria of sustainability. Systems analysis and 
optimization, participation and acceptance by affected cit- 
izens, accompanying ecological research, environmental and 
nature protection as well as resource conservation are all 
becoming increasingly important. In order to reach the goals 
for renewable energy of 10 % of transportation and 20 % of 
the total energy consumption by 2020, the fraction of elec- 
tric power from renewable sources must be around one- 
third of the total by then. A finely-meshed monitoring sys- 
tem was established, based on regular reports by the mem- 
ber states and the EU Commission [4-6] . 

Wind Energy is booming internationally 

Especially the example of wind energy demonstrates that 
the rate of success can vary considerably even with com- 



parable starting conditions. The environmental and energy- 
policy framework is decisive here. In particular, the Ger- 
man Renewable Energy Act (EEG), with its power feed-in 
and repayment regulations that encourage investments in 
renewable energy, along with similar legislation in Spain, has 
had considerable effect in comparison to other countries. 

Germany and Spain had an installed wind power of around 
50,000 MW in 2010, more than half of that in the EU as a 
whole (with ca. 94,000 MW) [4, 7]. 

But not only in the EU, also in China, India and the USA, 
the market for wind power plants is booming (Table I). In 
the past few decades, a whole new branch of engineering 
technology has developed. Megawatt installations are now 
predominant. German and Danish firms are among the lead- 
ers in this field. About three-fourths of the wind power 
plants manufactured in Germany are now exported. Ger- 
many has acquired a similar prominence in solar power 
generation, both in photovoltaics and in solar thermal tech- 
nology 

Successful Energy Policies in Germany 

The German example in particular shows how the efforts 
of individual protagonists, support via suitable instruments 
(research and development. Re- 
newable Energy Act, Heat Energy In- 
put Act, assistance for entering the 
market, etc.) as well as cooperation 
between scientific institutions and 

innovative industrial firms in the www.erneuerbare-energien.de/english 

area of renewable energy sources 







ABB. 1 



ELECTRIC POWER IN GERMANY FROM RENEWABLE ENERGY SOURCES 



The time evolu- 
tion of the frac- 
tion of renewable 
energy sources 



(TWh = terawatt 
hours; 1 TWh = 

1 billion kWh); 
EEC = Renewable 
Energy Act, as of 
April h 2000; SEC 
= Power Feed-in 
Law from 1.1.1991 
to 31.03.2000; 

BCB = Construc- 
tion Code 
(source: [4]). 
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can lead to the growth of a whole new high-tech industry. 
Today, this industry is an economically successful global 
player. The Technical University in Berlin analy 2 ed these de- 
velopments over the past decades in a research project 
funded by the German Federal Ministry for the Environ- 
ment [8,9]. Let us look at the developments in Germany 
more closely: 

Renewable energy use has increased apace in Germany in 
the past years. In the year 201 1 , 20 % of the power from Ger- 
man grids came from renewable energy sources, nearly sev- 
en times as much as even in 1990 [4] .This was initially due 
to the successful development of wind energy, but in the 
meantime, there are important contributions from bioen- 
ergy and photovoltaics. With an overall energy input of 
46.5 terawatt-hours (TWh) in 2011, wind power has clear- 
ly outdistanced the traditionally available hydroelectric pow- 
er (which contributed 19. 5 TWh in 2011). Electric power 



production from bioenergy sources (including the biogenic 
portion of burned waste) moved up to second place in 
2011 at around 37 TWh. Photovoltaic power generation al- 
so caught up rapidly, and in 201 1 , it already contributed 3 % 
of the overall power production, at 19 TWh. It has thus in- 
creased by a factor of 300 since the year 2000. Geothermal 
power production still plays only a minor role. Eigure 1 
shows the rapid development dynamics of electric power 
production from renewable energy sources in Germany. In 
the first half of 201 1, the fraction of the total electric pow- 
er supplied by renewable sources had already increased to 
around 20 % [1]. 

Germany has thus exceeded the goal for the propor- 
tion of energy supplied from renewable sources set by the 
Eederal government only a few years ago - at that time, 
12.5 % was the aim for the year 2010.This represents a great 
success for all those involved.The new resolution of the gov- 



ABB. 2 I FINAL ENERGY USE IN GERMANY, 2011 




Biogenic fuels: 
11,4 




I Geothermal 
energy: 

2,1 % 

□ Solar thermal 

energy. Photovoltaics: g Biogenic fuels for 

^ 6,4 % electric power 

12,3 % 



Overall biomass 
incl. biogenic fuels: 67,4 



Left: The fractions of conventional and renewable energy sources(RE) within the overall final energy consumption in Cermany; all together, 8,692 PJ 
(petajoule; 1 PJ= 10^^]) was used in the year 201 1. Right: The contributions from different renewable energy sources in 201 1; all together they pro- 
duced 300 TWh in 201 1 (source: [4]). 
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eminent for the ‘Energy Turnaround’ (Energiewende), en- 
acted on June 6, 2011, sets even more ambitious goals for 
the future use of renewable energy sources in Germany 
For electric power, these new goals were already anchored 
in the amended EEG as of summer 2011 [1]. Its details are 
set out in the section ‘Goals for Renewable Energy in Ger- 
many’ on p. 11. 

The Current Situation 

Figure 2 (left) shows the distribution of the primary ener- 
gy usage in Germany in the year 2010. It should not be sur- 
prising that fossil fuels still dominate the energy supply, 
providing together 89.1 % of the total [4] . Renewable ener- 
gy sources had already attained a fraction of 10.9 % of the 
overall primary energy consumption by 2010. The right- 
hand part of Fig. 2 shows the origin of primary energy from 
renewable sources in the year 2010. Over two-thirds (71 %) 
of these renewable energy carriers are derived from the 
biomass. Wind energy contributes 13.4%, water power 
1.2%, solar energy 6.3 % and geothermal energy 2.1 % (Fig- 
ure 2). 

The reason for the strong growth of renewable energy 
supplies in Germany is to be found mainly in political deci- 
sions. In the past twenty years, a public legal and economic 
framework was set up which has given renewable energy 
sources the chance to establish themselves on the market, 
in spite of their relatively high delivered power costs. Aside 
from various support programs and the market introduction 
program of the Federal government, the relevant laws were 
in particular the Power Feed-In Law (SEG) in 1990 and the 
Renewable Energy Act (EEG) in 2000, which gave the de- 
velopment of renewable energy sources an initial boost .The 
principle is straightforward: Power generated from renew- 
able sources is given priority and a minimum price is guar- 
anteed for power fed into the grid from these sources. On 
the basis of regular reports on the effectiveness of the EEG, 
the law is adjusted to the current situation as needed; most 
recently this was done in the summer of 201 1 [1] . 

The prices paid for renewable-source power are scaled 
according to the source and other particular requirements 
of the individual energy carriers. They are graded regres- 
sively, i.e. they decrease from year to year. This is intended 
to force the renewable energy technologies to reduce their 
costs and to become competitive on the energy market in 
the medium term. The renewable energy technologies can 
accomplish this only through temporary subsidies, such as 
were given in the past to other energy technologies, e.g. nu- 
clear energy. The renewable energy technologies will be- 
come strong pillars of the energy supply in the course of 
the 21^^ century only if they can demonstrate that they op- 
erate reliably in practice and are economically viable. To 
this end, each technology must go down the long road of 
research and development, past the pilot and demonstration 
plant stages, and finally become competitive on the energy 
market. This process requires public subsidies as well as a 
step-by-step inclusion of economic performance. 



Potential and Limits 

Often, the potential of the various technologies which ex- 
ploit renewable energy sources is regarded with skepticism. 
Can renewable energies really make a decisive contribu- 
tion towards satiating the increasing worldwide appetite 
for energy? Are there not physical, technical, ecological and 
infra-structural barriers to their increasing use? 

Fundamentally, their potential is enormous. Most of the 
renewable energy resources are fed directly or indirectly 
from solar sources, and the sun supplies a continuous en- 
ergy flux of over 1.3 kW/m^ at the surface of the earth. Ge- 
othermal energy makes use of the heat from within the 
earth, which is fed by kinetic energy from the early stages 
of the earth’s history and by radioactive decay processes 
(see the chapter “Energy from the Depths” in this book). 

These energy sources are, however, far from being read- 
ily usable. Conversion processes, limited efficiencies and 
the required size of installations give rise to technical re- 
strictions. In addition, there are limits due to the infra- 
structure, for example the local character of geothemal 
sources, limited transport radius for biogenic fuels, the avail- 
ability of land and competition for its use. Not least, the lim- 
ited availability and reliability of the energy supplies from 
fluctuating sources play a significant role. Furthermore, re- 
newable energy sources should be ecologically compati- 
ble. Their requirements for land, potential damage to water 
sources and the protection of species, the landscape and the 
oceans set additional limits. All this means that the natural, 
global supply of potential renewable energy resources and 
the technically feasible energy production from each source 
differ widely (Figure 3). 

In spite of these limitations, a widespread supply of re- 
newable energies is possible. In order for it to be reliable 
and stable, it must be composed of the broadest possible 
mix of different renewable energy sources. In principle, wa- 
ter and wind power, use of the biomass, solar energy and 



ABB. 3 I NATURAL SUPPLY AND AVAILABILITY 




The natural supply of renewable energies in relation to the 
current world energy consumption (black cube, normalized 
to 1), Small cubes: The fraction of each energy source that is 
technically, economically and ecologically exploitable. 
Yellow-green: solar radiation onto the continents; blue: wind; 
green: biomass; red: geothermal heat; violet: oceanjwave 
energy; dark blue: water power (source: [11]). 








geothermal heat can together meet all of the demands. Ger- 
many is a good example of this. Although it is not located 
in the sunny South, and has only limited resources in the 
areas of hydroelectric and geothermal power, nevertheless 
renewable energy sources can in the long term supply all 
of Germany’s energy requirements. Estimates put this con- 
tribution at around 800 TWh for electrical energy, 900 TWh 
for heat, and 90 TWh for fuels [4, 11]. This corresponds to 
about 130 % of the current electric power consumption 
and 70 % of the current requirement for heating energy. 
With improved energy efficiency and a reasonable usage 
of power for heating and cooling as well as for trans- 
portation, the energy requirements in Germany can be met 
completely on the basis of renewable energy sources over 
the long term. 

Water Power 

Water is historically one of the oldest energy sources. Today, 
hydroelectric power in Germany comprises only a small 
contribution, which has remained stable for decades: 3 to 
4 % of the electric power comes from storage and flowing 
water power plants. Its potential is rather limited in Ger- 
many, in contrast to the countries in the Alps such as Aus- 
tria and Switzerland. In the future, it will therefore be pos- 
sible to develop it further only to a limited extent. In 2010, 
the roughly 7000 large and small plants delivered about 
20 TWh of energy, 90 % of this in Bavaria and Baden-Wiirt- 
temberg.The worldwide potential for hydroelectric power 
is considerably greater: nearly 16 % of the power generated 



in 2010 came from hydroelectric plants [12, 13] Thus, water 
power - considered globally - is ahead of nuclear power. 
So far, it is the only renewable energy source which con- 
tributes on a large scale to the world’s requirements for 
electrical energy. The other types of renewable energy 
sources contributed around 3 % to global electricity gener- 
ation in 2010 [12,13]. In particular, ‘large-scale water pow- 
er’ is significant. An example is the Chinese Three Gorge 
Project, which generates more than 18 GW of electric pow- 
er, corresponding to about 14 nuclear power plant blocks 
(see the chapter “Flowing Energy”). 

In Germany, the so-called ‘small-scale’ water power still 
has limited possibilities for further development. New con- 
struction and modernization of this type of water power 
plants with output power under 1 MW however has eco- 
logical limits, since it makes use of small rivers and streams 
and it can affect their ecosystems. Synergetic effects can be 
expected when existing hydroelectric installations are mod- 
ernized with transverse construction (dams) to increase 
their power generation capacities and at the same time to 
improve their hydro-ecological impacts. This development 
potential in Germany is estimated to imply an increase from 
currently 20 TWh up to 25 TWh per year. 

The advantages of water power are obvious: The ener- 
gy is normally available all the time, and water power plants 
have very long operating lifetimes. Furthermore, water tur- 
bines are extremely efficient, and can convert up to 90 % 
of the kinetic energy of the flowing water into electric pow- 
er. By comparison: Modern natural gas combi-power plants 
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The development of wind energy e,g, in Germany from 1990 to 2011. The bars show the total number of wind power plants 
installed each year (accumulated); the blue curve gives the total installed generating capacity (right axis) (source: [14]). 
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have efficiencies of 60 %, and light-water reactors have on- 
ly about 33 % efficiency 

Land-based Wind Energy 

In Germany, the use of wind power (48.9 TWh) had clear- 
ly outstripped that of water power (18.8 TWh) by the year 
201 1. Modern wind energy plants attain efficiencies of up 
to 50 %. In 2011, plants yielding a wind power of about 

2.000 MW were newly installed, bringing the total to 
22,930 wind plants with an overall output power of 

29.000 MW, generating about 7.6 % of the overall power 
consumed [14] . In the meantime, the so-called repowering 
is gaining momentum: Old plants are being replaced by 
more modern and more efficient installations. Thus, in 
2011, 170 old plants with a nominal output power of 
123 MW were replaced by 95 new ones with an overall out- 
put power of 238 MW [14]. 

In 2011, about 900 new plants were installed in Ger- 
many, with a total generating capacity of 2,000 MW; thus 
about 2.24 MW per installation. Given a long-term re- 
newable potential wind power of 80,000 MW on land in 
Germany, and an average installed output power of 
2.5 MW per plant, it would require 32,000 plants to real- 
i2c the full potential of wind energy. At present, about 
22,300 plants, each with an average power output of 
1.3 MW, are in operation. Within the limitations of accep- 
tance, citi 2 en participation, questions of noise pollution, 
and the interests of nature and landscape conservation, it 
will be important in the coming years, in the course of au- 
thori 2 ation proceedings and land planning, to set up more 
efficient wind plants on higher towers (greater power 
yields!) at suitable locations. 

This will permit the total number of plants to be limit- 
ed, while at the same time increasing the overall yield: 

32.000 plants on land, each with 2.5 MW output power, op- 
erating 2,500 full-power hours per year, would deliver a to- 
tal of 200 TWh of electrical energy; that is about one-third 
of the current demand. This would be possible by making 
use of suitable sites on the seacoasts, but also in the interi- 
or by employing tower heights of over 100 m.A smaller por- 
tion of this potential could also be reali 2 ed by installing 
smaller modern plants, taking the above criteria into ac- 
count. A roughly equal potential of 200 TWh per year could 
in addition be reali 2 ed by offshore wind plants in the Baltic 
and North Seas, so that simply by exploiting the available 
wind energy in Germany, in the long term, two-thirds of the 
current electric energy demand (of about 600 TWh/year) 
could be provided. 

On windy days, the yield of wind energy in certain re- 
gions of Germany already exceeds the demand; on the oth- 
er hand, on quiet days, other power sources have to com- 
pensate for the variable output of wind power plants. This 
applies increasingly also to photovoltaic plants, while in 
contrast, hydroelectric plants and the biomass have a ‘built- 
in’ storage capacity and can thus be independently regulat- 
ed to meet demand. The future energy supply system will 
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■ hydrogen (CHP, GT) 
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Electric power production in Germany according to type of power plant and energy 
source, from the long-term scenario “Lead Study 201 V\ The numbers above the 
bars give the total energy generated in TWh. The nuclear energy exit scenario 
corresponds to the Exit Resolution of June 6, 201 1. RE = renewable energy 

(source: [16]). 



have to be able to deal with the fluctuating supply of pow- 
er by means of rapidly controllable, decentral power plants 
(CHP, natural gas or gas produced using renewable energy), 
energy storage reservoirs, power management, etc .This new 
orientation of power system optimi 2 ation based on supply 
security and making use of control engineering, information 




The fractions of electric power produced from various energy sources in 2008 

(sources: [4,18]). I 9 






ABB. 7 I WORLD POPULATION AND PRIMARY ENERGY CONSUMPTION 




The growth of the world population (in billions) and its consumption of primary energy (EJ = exajoule, 10^^ J). in 2008, each 
person in the OECD countries consumed on the average 191 CJ (CJ = 10^ J), in China 67 CJ, in India 23 CJ, and in the rest of the 
world, 57 CJ. The average energy consumption worldwide was 77 CJ per person (source: [18]). 



and communications technology can be considered to be 
a major challenge for the coming years [15,16]. 

Biomass 

The utili 2 ation of energy from the biomass is often under- 
estimated. At present, biogenic heating fuels are being re- 
discovered in Germany Wood, biowastes, liquid manure and 
other materials originating from plants and animals can be 
used for heating and also for electric power generation.The 
combination of the two uses is particularly efficient. In Ger- 
many, currently 90 % of the renewable heat energy origi- 
nates from biofuels, mainly from wood burning - but in- 
creasingly also from wood waste, wood-chip and pellet heat- 
ing and biogas plants, as well as the biogenic component 
of waste. Its contribution to electric power generation is al- 
so increasing: in 201 1, it was 6 % of the overall German de- 
mand, corresponding to 37 TWh. 

Biofuels are available around the clock and can be uti- 
li2ed in power plants like any other fuel. Biogenic vehicle 
fuels, as mentioned above, are getting renewable energy car- 
riers rolling as suppliers for transportation. 

Biogenic fuels, however, have come under massive pub- 
lic criticism, because they are not always produced under 
ecologically and socially acceptable conditions. In the worst 
case, they can even yield a poorer climate balance than fos- 
sil fuels. They thus require a detailed critical analysis and op- 
timi 2 ation process for each product, as is discussed in de- 
tail in the chapter “Biofuels: Green Opportunity or Dan- 
ger?”. 



Solar Energy 

Solar energy is the renewable energy source par excellence. 
Its simplest form is the use of solar heat from collectors, in- 
creasingly employed for household warm water heating and 
for public spaces such as sports halls and swimming pools. 
More than 15 million square meters of collectors were in- 
stalled on German rooftops as of 2011 [14]. 

Solar thermal power generation has meanwhile also 
made the transition to commercial applications on a large 
scale (see also the chapter “How the Sun gets into the Pow- 
er Plant”). Parabolic trough collectors, solar towers or pa- 
raboloid dish reflector installations can produce tempera- 
tures of over 1000 °C, which with the aid of gas or steam 
turbines can be converted into electric power. These tech- 
nologies could in the medium term contribute appreciably 
to the electric power supply. They are however efficient 
only in locations with a high level of insolation, such as in 
the whole Mediterranean region. Germany would thus have 
to import solar power from solar thermal plants via the 
common power grid, which initially could be laid out on a 
European basis; in the long term. North African countries 
could supply solar power via a ring transmission line around 
the Mediterranean Sea (see also the chapter “Power from the 
Desert”) [II,I6,I7]. 

The most immediate and technologically attractive use 
of solar energy is certainly photovoltaic conversion. The 
market for photovoltaic installations currently shows the 
most dynamic growth: Between 2000 (76 MW) and 2011 
(25,039 MW), the installed peak power capacity increased 






RENEWABLE ENERGIES 



in Germany by a factor of more than 300.This corresponds 
to a growth rate of 72 % per year during the past decade 
[4] . New production techniques at the same time offer the 
chance to produce solar cells considerably more cheaply 
and with less energy investment, and thus to allow a break- 
through onto the market (see the chapters “Solar Cells - An 
Overview”, “Solar Cells from Ribbon Silicon”, “Low-priced 
Modules for Solar Construction”, and “On the Path towards 
Power-Grid Parity”). 

Geothermal Energy 

The renewable energy resource which at present is the least 
developed is geothermal heat. Deep-well geothermal ener- 
gy makes use either of hot water from the depths of the 
earth, or it utili2es hydraulic stimulation to inject water in- 
to hot, dry rock strata (hot-dry rock process), with wells of 
up to 5 km deep (see the chapter “Energy from the 
Depths”). At temperatures over 100 °C, electric power can 
also be produced - in Germany for example at the Neustadt- 
Glewe site in Mecklenburg-Vorpommern. Favorable regions 
with high thermal gradients are in particular the North Ger- 
man Plain, the North Alpine Molasse Basin, and the Upper 
Rhine Graben. 

Geothermal heat has the advantage that it is available 
around the clock. Nevertheless, the use of geothermal heat 
and power production is still in its infancy. Especially the 
exploitation of deep-well geothermal energy is technically 
challenging and still requires intense research and devel- 
opment. Near-surface geothermal energy is more highly de- 
veloped; heat pumps have long been in use. 

The exploitation of deep-well and near-surface geot- 
hermal heat more than tripled in the decade from 2000 (1.7 
TWh) to 2010 (5.6 TWh). If and when it becomes possible 
to utilize geothermal energy on a major scale, then its con- 
stancy and reliability will make a considerable contribution 
to the overall energy supply. Its long-term potential in Ger- 
many is estimated to be 90 TWh/year for electric power 
generation and 300 TWh/year for heating. 

The Window of Opportunity 

How will energy supplies in Germany develop in the future? 
Will all the renewable energy source options play a role, and 
if so, to what extent? The resolution of the federal govern- 
ment on June 6, 2011 contains the following elements for 
an energy turnaround in Germany: 

• An exit strategy for nuclear power in Germany by the 
end of 2022; 

• Continuous development of the use of renewable en- 
ergy sources; 

• Modernization and further development of the electric 
power grid; 

• Energy conservation and an increase in efficiency in all 
areas concerning energy; 

• Attaining the challenging climate protection goals and 
thereby a clear-cut reduction in the consumption of fos- 
sil fuels. 



DEVELOPMENT GOALS FOR RENEWABLE ENERGY IN GERMANY 



The German Federal government, with 
its energy turnaround (Energiewende) 
package adopted on June 6^^, 201 1 and 
the amendment of the Renewable 
Energy Act, is pursuing the goals set out 
here: The fraction of renewable energy 
sources in electric power generation are 
to increase as follows: 

- by 2020 at the latest 
up to at least 35 % 

- by 2030 at the latest: 
up to at least 50 % 

- by 2040 at the latest: 
up to at least 65 % 

- by 2050 at the latest: 
up to at least 80 % 

The goals for growth of the fraction 
of renewable energy sources in 
overall energy consumption (electric 
power, heating/cooling, transportation) 
are: 



- by 2020: 18 % 

(corresponds to the EU directive; see 
above) 

- by 2030: 30 % 

- by 2040: 45 % 

- by 2050: 60 % 

Furthermore, by 2020 their contribution 
to space heating in total should increase 
to 14 % and their contribution to energy 
use in the transportation sector to 1 0 %. 

The Federal cabinet also enacted 
additional goals in Berlin on June 6^^, 

201 1 , to which the development of 
renewable energy sources makes 
essential contributions. The German 
emissions of greenhouse gases are to be 
decreased by 40 % by 2020, based on 
the reference year 1 990, and by 80 to 
95 % by 2050. Consumption of electric 
power is to decrease by 1 0 % up to 2020 
and by 25 % up to 2050; consumption 
of all primary energies by 20 % up to 
2020 and by 50 % up to 2050. 



The goal is a transition to a secure energy supply based for 
the most part on renewable energy sources in the long 
term. The basis for such a transition was already laid down 
in the past decade, with a renewable electric power frac- 
tion of 20 %, and 12 % of the overall energy supply in 201 1 . 
The upcoming system transformation will require continu- 
ing strong commitment and efforts. 

The fact that the development of renewable energy 
sources is already leading to a number of positive results, 
including economic effects, is shown by its achievements 
up to the year 2011: 

• Reduction of greenhouse gas emissions by 130 million 
tons; 

• Avoided environmental damage worth about 10 billion € 
(especially climate damage at an average value of 
80 €/ton of CO 2 ); 

• Reduced imports of energy carriers: ca. 6.5 billion €; 

• Investments: 22.9 billion €; 

• Employment: 381,600 jobs; 

• Increase of regional added value. 

If all the relevant quantities are considered (systems-ana- 
lytical cost-benefit effects, distribution effects, macroeco- 
nomic effects), the benefits today already outweigh the 
costs. Nevertheless, support will still be necessary in the 
foreseeable future, since these quantities are related in a 
complex way [4, 19,20] . In the course of the cost regression 
for subsidies of the various technologies making use of re- 
newable energy sources, and the expected cost increases for 
fossil energy carriers due to their limited supplies and harm- 
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ful effects on the climate, the beneficial aspects of renew- 
able energy sources will presumably become more and 
more apparent [16]. 

Offshore and the Open Field 

The next major step in the modification of the energy sys- 
tems in Germany will be the start-up of offshore wind en- 
ergy Along the German seacoasts and within the ‘exclusive 
economic zone’ (EE2), which extends out to a distance of 
200 nautical miles (370km) from the coastline, a potential 
power-generating capacity of up to 25 GW of electric pow- 
er output is predicted by the year 2020. 

Such offshore wind installations will have to be built far 
from the coastline in water depths of up to 60 m.This is par- 
ticularly true of the North Sea, which has strong winds. In 
the shallow water near the coasts, there are no suitable sites 
due to nature conservation areas, traditional exploitation 
rights such as gravel production, restricted military zones 
and ship traffic. Plants in deeper water, however, require a 
more complex technology and are more expensive. The 
high-power sea cables for transmitting the power to the 
coast over distances of 30 to 80 km will also drive up the 
investment costs. 

However, the offshore installations far from the coast 
have a considerable advantage: The wind from the free wa- 
ter surface is stronger and steadier. This compensates to 
some extent for the higher costs of these wind parks. To be 
sure, the individual plants must deliver high power outputs. 
Only when they achieve an output power capacity of at 
least 5 MWei can they be economically operated under such 
conditions. A pioneering role in this development is being 
played by the wind park Alpha Ven tus, which stands in wa- 
ter 30 m deep and 45 km in front of the coast of the island 
of Borkum: On August 12, 2009, the first 5 MW wind ener- 
gy plants started delivering power, and in the meantime, all 
12 plants are in operation [21]. The Eino offshore platforms 
perform useful services for the development of offshore 
wind parks. The Eino Research Initiative in the North and 
Baltic Seas is financed by an Offshore Trust, founded by 
commercial firms, nonprofit organizations and power-grid 
operators, and supported by the Eederal Ministry for the En- 
vironment [22]. 

Scenarios for Ecologically Optimized 
Development 

Just how the proportion of renewable energy sources with- 
in the energy mix in Germany will evolve in reality cannot 
of course be precisely predicted. However, model calcula- 
tions make it clear which paths this evolution might take 
under plausible assumptions. The Institute for Technical 
Thermodynamics at the DLR in Stuttgart carried out a com- 
prehensive study in 2004, analyzing various scenarios [23]. 
They took into account technical developments, economic 
feasibility, supply security and ecological and social com- 
patibility. This study illustrates the essential trends. A series 
of other studies on ecological optimization and accompa- 



nying research has looked into various individual renew- 
able energy technologies. 

Eigure 5 gives the distribution of power generation in 
Germany according to the type of power plant and the en- 
ergy source within the long-term scenarios 2011 of the 
“Lead Study 2011“ [1 6]. These scenarios aim at an eco- 
nomically acceptable increase in the use of renewable en- 
ergy sources, but also take ecological factors into account. 
Eor over twelve years, the Eederal Ministry for the Envi- 
ronment has issued such scenarios for the development of 
renewable energy sources. These scenarios have consid- 
ered development paths which are ecologically optimized 
and are designed around sustainability criteria. They con- 
sider the dynamics of technical and economic develop- 
ments and the interactions of the whole energy system in 
view of increasing contributions from renewable energy 
sources. 

The so-called “Lead Study 2011” [16] took into account 
the energy turnaround package of the Eederal govern- 
ment, in which nuclear energy is to be phased out by 
2022. All of its assumptions agree precisely with the Res- 
olution of June 6*, 201 1, and they still represent a very fe- 
licitous summary of the development of renewable ener- 
gy technologies, of other energy carriers, and of the nec- 
essary transformation of the overall energy system. This 
study also shows clearly that the required reductions in 
greenhouse gas emissions by 2020 and 2050 can in fact 
be accomplished: Half of the reductions through the con- 
tinued development of renewable energy sources, and the 
other half through reduced energy consumption, im- 
proved energy efficiency and the reduction of the con- 
sumption of fossil energy carriers, in spite of the phasing- 
out of nuclear power. 

Renewable Energy on a Worldwide Scale 

Eigure 6 shows the contributions of various energy carriers 
to worldwide electric power generation in 2008. Eossil fu- 
els were predominant, at 68 % of the total, while renewable 
energy sources already supplied 18.5 %, and nuclear ener- 
gy 13 5 %. In the areas of heating and transportation, bio- 
genic fuels in particular supply an appreciable fraction, 
which however must be critically examined in terms of its 
real sustainability. 

Renewable energy sources can also play the leading role 
in the long-term global energy supply [12,13,24] . However, 
their further development alone will not achieve this goal. 
Thus, Eigure 7 shows the parallel increase of the world’s 
population and of the global energy demand from 1971 to 
2008 [18] .Without an energy turnaround on a global scale, 
reversing these trends will not be possible .We can reach the 
goal of a global energy supply with a high proportion of en- 
ergy from renewable sources on a long-term basis only if 
we make additional strong efforts. One of these concerns 
improved energy efficiency and access to energy. In addi- 
tion, worldwide population growth must be slowed con- 
siderably. 
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Summary 

By the year 201 1, already 12,5 % of the final energy con- 
sumption in Germany was supplied from renewable energy 
sources; for electrical energy, the proportion was 20,3 %, 
while for heating, it was 11 %, and for vehicle fuels, around 

5.5 %. In the first half of 2012, its contribution to electric pow- 
er generation had already risen to ca. 25 %. The German Fed- 
eral government, with its resolutions of June 6^^, 2011, in- 
tends (in the energy turnaround - Energiewende) to secure a 
continuous further development, which satisfies all of the eco- 
logical, economic and social criteria of sustainability. In Ger- 
many, a productive industrial sector with nearly 400,000 em- 
ployees has developed around the exploitation of renewable 
energy sources. The goals enacted by the government are am- 
bitious: at least 35 % of electric power to come from renew- 
able sources by 2020 at the latest, and at least 80 % by 2050 
at the latest; 1 8 % of the overall energy consumption by 2020, 
and 60 % by 2050. This national strategy is embedded in an 
EU Directive for the advancement of renewable energy 
sources. For global energy supplies, also, renewable sources 
must assume the predominant role. Successes within the 
EU and in other countries can serve as examples. Worldwide, 

18.5 % of the electric power was generated from renewable 
sources. 
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Wind Energy 

A Tailwind for Sustainable 
Technology 

BY Martin KOhn | Tobias Klaus 



In Germany, more than 22,000 wind-energy plants are now 
online, providing about 10 % of the total power consumption. 
They have thus outstripped every other sustainable energy 
form here f 1 ]. The Federal Ministry for the Environment con- 
siders a contribution of 25 % by the year 2030 to be possible. 
What potential does wind energy still hold? 



M ankind has been making use of wind power for at 
least 4000 years. In Mesopotamia, Afghanistan and 
China, wind-powered water pumps and grinding mills were 
developed very early, apart from to the use of wind power 
for sailing ships. In earliest times, windmills utilized a ver- 
tical-shaft rotor, which was driven by the drag force acting 
on the rotor blades by the wind. This design concept, 
known as a drag device, has a low efficiency, roughly a 
fourth of that of the aerodynamic rotors described in the 
following sections [2] . It is still used by the widespread cup 
anemometers that measure wind velocity. 

In Europe from around the 12^^ century onwards, new 
windmill types were developed, such as the post windmill, 
the tower mill, and later the Dutch windmill. They were in- 
troduced to provide an important complement to human 
or animal muscle power. The decisive advance in these his- 
torical windmills in the western world was not the gener- 
ally horizontal orientation of their rotor shafts, but rather 
the fact that the flowing air has a higher velocity at the ro- 
tor blades and drives them via the aerodynamic lift force. 
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perpendicular to the flow velocity. For a drag device, which 
is moving with the flow, the relative velocity at the rotor 
blades is always lower than the wind velocity itself. Lift de- 
vices, in contrast, can achieve higher apparent wind speeds 
by vector addition of the wind velocity and the circumfer- 
ential velocity of the rotor. Only in this way can the forces 
necessary for an optimal deceleration of the wind be gen- 
erated, and the aerodynamic efficiency approaches its the- 
oretical maximum of 59 % [2]. 

The best-known examples of these machines were the 
four-bladed Dutch windmill and the ‘Western mill’, which 
turned slowly and was used to pump water, with twenty or 
more rotor blades. The latter, developed in mid- 19^^ centu- 
ry America, was the first wind-powered device to be pro- 
duced industrially on a large scale. It was able to operate in 
automatic mode without human attention. A robust control 
system with two weather vanes kept the rotor pointed to- 
wards the wind, and turned it away if the wind became too 
strong, to avoid damage from overload. 

Three-bladed Turbines with 
High Tip-Speed Ratio 

The invention of the steam engine and later of electric mo- 
tors during the Industrial Revolutions led to a decline in 
the use of windmills as working machines. Only the West- 
ern windmills were still used to some extent as decentral- 
ized water pumps. The Dane Paul La Cour was the first, in 
1891, to develop a windmill for generating electricity. He 
recognized the fact that along with increasing the aerody- 
namic efficiency, it was also favorable for the construction 
if the circumferential velocity of the blades were consid- 
erably higher than the wind velocity. In these turbines with 
a high tip-speed ratio, only a few very slim blades are re- 
quired, and the generator is driven at a relatively high ro- 
tational speed with a correspondingly low torque. Albert 
Betz, Frederick W. Lancaster, and Nikolai J. Joukowski gen- 
eralized these findings in parallel to each other and de- 
rived the maximum attainable aerodynamic efficiency of 
59 %. 

Every wind-power installation requires a method of con- 
trolling the energy input and the load on the plant, since 
the energy transferred from the wind increases as the third 
power of its velocity. Two principles have established them- 
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The Danish 
offshore windpark 
Horns Rev consists 
of 80 units, each 
with 2 MW output 
power, located 14 
to 19 km north- 
west of Esbjerg in 
the North Sea. The 
ocean is 5 to 15 m 
deep here 
(photo: Vestas 
Central Europe). 



selves for providing this control mechanism: stall and pitch. 
They were developed beginning with La Cour and contin- 
uing through the work of wind-energy pioneers in Den- 
mark, France, the USA and Germany 

In the simplest design (stall), the rotor blades are rigid- 
ly attached to the hub (Figure 1). The rotational speed is 
held nearly constant by an asynchronous generator cou- 
pled to the power grid. This is typically a three-phase mo- 
tor operated in generator mode. When the wind becomes 
stronger, its angle of attack on the rotor blades changes as 
a result of the vector addition of the wind velocity and the 
circumferential velocity of the rotor. This increase in angle 
of attack leads to a flow separation on the low-pressure 
side of the blades, and thus to a stall. This protects the wind 
turbine from excessive power intake, since the lift acting on 
the blades is reduced and their drag is increased (Figure 2). 

This simple and robust system was introduced in 1957 
by the Danish wind-power pioneer Johannes Juul. Due to 
its country of origin, it is known as the ‘Danish Concept’. 
It was important for the early deployment of wind-energy 
installations in large numbers in the mid- 1 980 ’s, with rotor 
diameters of 15 to 20 m and output power of 50 to 100 kW. 
In the following decade, the principle was developed fur- 
ther into the ‘active-stall concept’. In this construction, the 
stall effect can be actively induced: By varying the pitch of 
the blades, i.e. increasing the angle of attack by a few de- 
grees (turning the trailing edge into the wind), the flow 



separation can be actively controlled and the desired ef- 
fective power can be reliably regulated. 

The second principle for limiting power intake is based 
on a greater variation of the rotor blade angle, or pitch. If 
the wind speed increases after the nominal power capaci- 
ty has been reached, then the leading edge of the rotor 




The construction of a stall-regulated wind-power installation 
with a transmission and constant rotation speed, designed by 
NEC-Micon (graphics: Bundesverband Windenergie). 
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Left: Control of power uptake with increasing wind velocity by flow separation or 
stalling; right: The power-uptake curve, showing the limiting of power uptake by 
stalling. 



blades is turned into the wind (Figure 3). By decreasing the 
angle of attack, the power and the load are reduced. 

This concept, oriented towards lightweight construc- 
tion, was decisively influenced by the German wind-ener- 
gy pioneer Ulrich Hiitter in Stuttgart. In 1957, he con- 
structed a pitch-regulated two-blade device, in which for the 
first time rotor blades made of fiberglass-reinforced plastic 
were used [3] . This construction method became standard 
from the 1980’s on. At the time, it was the first application 
of a new fabrication material for such large structural com- 
ponents. Only later were applications in aeronautics and 
other areas of industry introduced. 

From Grid-connected to Grid-supporting 
Wind Power Plants 

Even though the external appearance of wind-power in- 
stallations has not changed much in the past 20 years, a 
rapid technical development has taken place, which is not 
outwardly apparent: Increasingly, larger and more efficient 



FIG. 3 I THE PITCH CONCEPT 
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Left: Power control using pitch regulation; Right: The power curve. 



wind turbines are feeding electrical energy of improved 
quality and at lower cost into the power grid. A decisive fac- 
tor was the introduction of operation at a variable rotational 
velocity, leading to the devices now called wind turbines. 

It soon became clear that plants which operate at a con- 
stant rotational velocity cannot completely compensate a 
gusty wind even if the rotor blades are adjusted very quick- 
ly, and that those plants were thus subject to strong short- 
term variations in output power, accompanied by both 
structural loads and corresponding reactions on the pow- 
er grid. The advantages of the pitch concept, i.e. a constant 
nominal output power and good performance during start- 
up and during storms, can be put into practice only in com- 
bination with a certain variability in the rotational velocity 
of the turbine. This however requires some additional ef- 
fort in the design of the electrical components. To this end, 
from initially three, two types of construction have become 
common. 

At first, especially the Danish firm Vestas introduced a 
process that allows the variation of the rotational velocity 
by up to ten percent. This is accomplished by a fast regu- 
lation of the rotational-velocity compliance (slip) of the 
asynchronous generator, which is coupled to the power 
grid. Through the interactions of the rotor, which now acts 
as a flywheel, with the somewhat slower pitch adjustment, 
wind variations above the nominal operating speed can be 
smoothed out very satisfactorily. 

Mainly in Germany, beginning in the I980’s with ex- 
perimental installations and commercially from 1995 on, a 
concept involving complete variability of the rotational ve- 
locity was developed, which today is used in more than half 
of all new plants. While the stator of the asynchronous gen- 
erator is still coupled directly to the power grid, the rotor 
accepts or outputs precisely the AC frequency which is re- 
quired to adapt to the desired rotational velocity. By means 
of such a doubly-fed asynchronous generator, the rotation- 
al velocity can be roughly doubled between the startup 
speed of about 3.5 m/s and the nominal operating speed of 
II to 13 m/s. The rotor functions near its aerodynamic op- 
timum, and aerodynamic noise is effectively reduced. Above 
the nominal operating speed, the rotational velocity oscil- 
lates by ca. ±10 %, in order to smooth out wind gusts, again 
in combination with the pitch adjustment. 

The most evident, but complex path to complete vari- 
ability of the rotational velocity lies in electrically decou- 
pling the generator using a transverter, via an intermediate 
DC circuit. In this concept, in which as a rule a synchronous 
generator is employed, all of the electrical power is passed 
through the frequency transverter. By controlling the exci- 
tation in the generator rotor, the rotational velocity can be 
varied by up to three times its startup value. The Enercon 
company, market leader in Germany, applies this concept 
very successfully to gearless wind-energy plants, using a 
specially-developed direct-drive multipole synchronous gen- 
erator (Figure 4). In recent years, this principle, owing to 
its excellent grid compatibility and its independence of the 





FIG. 4 I ADJUSTABLE-PITCH PLANTS 




Internal construction of a variable-speed, adjustable-pitch 
wind-energy plant without a transmission, built by the 
Enercon company (graphics: Bundesverband Windenergie), 

local grid frequency, has also been applied to some trans- 
mission-based machines, which still supply ca. 85 % of the 
world market. 

In the meantime, the latter two concepts of adjustable 
pitch and variable rotational velocity have asserted them- 
selves in the market and have practically superseded the 
simple, robust stall-regulated plants of earlier days. Partial 
or complete decoupling of the generator from the power 
grid provides a great improvement in grid compatibility and 
even - under favorable circumstances - allows the support 
of the electrical power grid. The phase angle between the 
current and the voltage (power factor) can be adjusted as 
needed. Negative effects on the grid, such as switching cur- 
rents, voltage and power variations and harmonics, can be 
avoided or greatly reduced. Furthermore, the installations 
are much less sensitive towards disturbances from the grid, 
such as temporary voltage breakdowns. 

Lightweight Construction, Intelligent 
Installations, and Reliability 

Today’s wind power plants, with rotor diameters of up to 
127 m and a nominal output power of up to 7.5 MW, are 
among the largest rotating machines in existence. They de- 
fy the extremely harsh environmental conditions in the at- 
mospheric surface layers near the ground by employing 
complex automatic control systems, for example by moni- 
toring a number of different operating parameters or by us- 
ing laser optical-fiber load sensors in the rotor blades. Fur- 
thermore, the most modern structural materials are used, 
such as carbon-fiber composites or dynamically-tough cast 
and forged alloys. 

Due to the temporal and spatial structure of wind gusts, 
every local flurry has a multiple effect on the rotating 
blades. Within the planned lifetime of twenty years for a 
wind-energy plant, up to a billion load cycles occur - an or- 
der of magnitude completely unknown in other areas of 
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Annual wind-power evolution over time - current data, 1990- 
201 1, and forecast for 2012-2016 (graphics: BTM Consult - A 
part of Navigant). 

mechanical engineering. At the same time, the increasing 
si 2 e of the plants requires more lightweight construction 
methods; otherwise, the materials stresses resulting from 
the continual alternating bending forces from the rotor 
blades’ own weight would become a problem. 

In terms of commercial competitiveness compared to 
conventional power plants, cost savings also dictate the 
technical developments. They must be achieved not only by 
economies of scale through mass production of large num- 
bers of plants, but also by increasing the efficiency of the 
individual plants. Frequently, the maximum theoretical aero- 
dynamic efficiency is already approached quite closely; 
therefore, one tries to further reduce the investment costs 
per kilowatt hour generated. This can be achieved for ex- 
ample through active and passive vibration damping, com- 
pensation of variable loads, and the application of light- 
weight construction concepts. In addition, the operating 
costs can be decreased by a further improvement in the re- 
liability of the installations. 

The technical availability of installations, i.e. the fraction 
of the time during which the turbines are operable, is in the 
meantime near 98-99% [2]. Nevertheless, further im- 
provements in the durability of expensive components such 
as rotor blades and transmission, and in the reliability of 
electrical components and sensors, are necessary. This ap- 
plies in particular to plants in the megawatt class. Such 
plants have been installed in large numbers since the end 
of the 1990’s and at the beginning of the past decade, of- 
ten after only an all-too-brief try-out period. 

Wind Energy in the Updraft - Offshore Plants 

In recent years, wind energy has experienced a worldwide 
boom. Up to the end of 2011, on a global scale, plants for 
nearly 239,000 MW were installed; 42,000 MW of this with- 
in 2011 alone. The world market, in which German manu- 
facturers of plants and components have a share of more 







Fig. 6 Installation of an offshore wind energy plant with 5 MW output power, 
off the Scottish coast in August 2006. The diameter of the rotor is 126 m 

(photo: REpower System AG). 



than 17 % of the total added value, is growing annually at a 
rate of over 20 % (Figure 5) [4,5]. 

With an annual turnaround of nearly 5 billion €, the ex- 
port sector of the German plant and component manufac- 
turers represents about 66 % of their total production 
(2010). Even though Germany is in the meantime no longer 
the most important market, continued expansion is taking 
place in other European countries, in the USA, and in the 
emerging Asian markets, particularly in the PR China and In- 
dia. Wind energy has evolved into a non-negligible compo- 
nent of the global energy system, in which German indus- 
try continues to play a leading role. With the increasing 
growth of these markets, questions of the exploitation of the 
enormous wind resources on the oceans, integration into 
the international energy system, economic returns, nature 
and landscape protection, and not least social acceptance, 
are growing more pressing. 

In near-coastal regions of the oceans, there are enor- 
mous wind resources waiting to be tapped. Besides a high- 
er energy yield by 40 to 50 % compared to good onshore 
sites, a greater site area is available here. The Federal Envi- 
ronment Ministry in Germany in 2010 predicted the instal- 
lation of 25 GW from offshore plants by 2030, covering 
1 5 % of the German power requirements. In a first step, the 
Federal government plans to increase onshore generating 
capacity from 27 to 36 GW by 2020, and offshore capacity 
from 0.2 GW to 10 GW in the same time period [6]. 

Following the first suggestions for offshore wind pro- 
jects in the 1970’s, during the 1990’s several smaller Euro- 
pean demonstration projects were set up. After 2000, the 
construction of commercial wind parks with up to 160 MW 
1 8 I output power was begun, using individual plants in the 1.5 



to 2 MW class. By late 2008, the installed offshore power 
output totalled nearly 1,500 MW. This corresponded to 
about 1.2 % of the worldwide installed electric generating 
capacity from wind energy Operating experience has thus 
far been mainly positive and supports further development, 
which presently is taking place, in particular in Great 
Britain, Denmark, the Netherlands and Sweden. 

As with any new technology, there were also setbacks. 
In mid-2004, at the largest Danish offshore wind park at 
Horns Rev, only two years after completion of its con- 
struction, all eighty plants had to be temporarily taken down 
and overhauled on land at considerable expense - the trans- 
formers and generators were not sufficiently protected 
against the harsh saltwater environment. This however al- 
so demonstrated that by now, the industry is sufficiently 
mature to survive impacts of this magnitude; by mid-De- 
cember of the same year, all the plants were again on line. 

In Germany, the water depths of 25 to 40 m and offshore 
distances of 30 to over 100 km in suitable areas represent 
a financial hurdle for the initial projects, in particular. The 
first ‘genuine’ offshore project in Germany is the test field 
Alpha Ventus, 45 km north of the island of Borkum, which 
was completed at the end of 2009. There, twelve wind-en- 
ergy plants of the currently most powerful 5 MW class are 
in operation; only four German manufacturers offer plants 
of this size. In 2006, a plant of this type was installed on a 
cantilevered foundation in a water depth of 44 m off the 
Scottish coast (Figure 6). All over the world, the construc- 
tion of additional offshore parks has been authorized. 

For the future development of wind energy, differing 
predictions have been made. The European Wind Energy 
Agency (EWEA) expects an increase in the overall installed 
power from 3 GW (2010) to roughly 9 GW in 2013 and 
40 GW by 2020. By 2030, according to this prognosis, off- 
shore installations with an output power of 150 GW [7] 
will be on line. The most important markets are expected 
to be Great Britain and Germany. The Danish firm BTM Con- 
sult predicts for the year 2014 a worldwide total offshore 
wind power capacity of 16 GW, most of which is expected 
to be in Europe. The strongest growth in the foreseeable fu- 
ture will be on land, so that the fraction of offshore wind 
energy relative to the overall installed output power is 
estimated to be 10 % in the year 2015 [7]. 

Grid Integration in Spite of Varying Power 
Outputs 

In general, it is expected that a proportion of up to 20 % of 
renewable energy sources such as wind power and solar 
power can be integrated into the power grid without ma- 
jor problems. Following the decision of the German Federal 
government to shut down successively all the nuclear pow- 
er plants by 2022, the integration of new plants into the grid 
represents a technical and economic challenge. The fraction 
of power from sustainable sources is expected to increase 
from 20 % in 201 1 to 35 % by 2020, in order to decrease the 
emissions of greenhouse gases relative to 1990 by 40 %. 



The particular challenge for wind energy is due to the re- 
gional concentration of wind plants in the Northern and 
Eastern coastal areas, and to the daily and seasonal variations 
of the wind. At times the input of wind energy there ex- 
ceeds the local grid demand, while at other times, there is 
almost no wind power available. 

Decentralized power inputs, e.g. of wind power into 
the weak periphery of the power grid, new power-gener- 
ating and power-consuming facilities, and the liberalization 
of the market demand a reorganization of the decades-old 
structure of the European electric power supply network 
into a transport grid for large amounts of commercial pow- 
er. A study carried out by the German energy agency (de- 
na) in 2010, the dena Grid Study II, investigated the conse- 
quences of increasing the wind power generating capacity 
to 37 GW onshore and 14 GW offshore by 2020, comple- 
mented by over 34 GW from photovoltaics, biofuels and ge- 
othermal heat. Eurthermore, a remainder of 6.7 GW from 
nuclear plants was assumed, 1.4 GW less than planned in 
the exit scenario of the federal government in May 2011. 
The extension of transmission lines by up to 3,600 km and 
the necessary modifications of the existing lines proposed 
by this study would lead to costs of up to 1 .62 billion € per 
year. In addition, establishing connections to offshore wind 
parks would require undersea cables of 1,550 km length, 
which would lead to further costs of 340 million € per year 
up to 2020. Einancing these extensions of the power grid 
would lead to price increases of at most 0.5 €-cent/kWh. 
Thus, there are no essential technical hurdles, and the ad- 
ditional costs remain moderate [8] . 

Since the year 2003, for new installations in regions with 
major wind power resources, a power generating manage- 
ment has been applied which permits the operators of the 
transmission grid to reduce or switch off individual power 
sources when the grid load is too low or when transmission 
bottlenecks occur. Eor conventional power plants, this prac- 
tice leads to savings in the cost of fuel and operations. Eor 
wind-power producers, in contrast, it can give rise to seri- 
ous losses of revenues, since here, the operating and fi- 
nancing costs remain nearly constant. 

New plants also require additional capacity in the pow- 
er transmission network. But the planning of new aerial 
lines is hampered by public acceptance problems and pro- 
tracted authorization procedures. Novel approaches, such 
as the use of conventional buried cables or new bipolar ca- 
ble concepts with a high transmission capacity, are being 
pursued only rather hesitantly by the power industry. How- 
ever, there are still considerable capacity reserves in the 
present transmission network, if the effective thermal pow- 
er-transmission limits are exploited in periods of cool weath- 
er or strong winds. The measurement of weather data could 
permit transmission of 30 % more power, and with real-time 
monitoring of the transmission-line temperature, the in- 
crease could add up to 100 % [9]. In Germany, monitoring 
of this type was introduced in 2006, and it has been prac- 
ticed in some other EU countries for several years. 



The present operational management of the power grid 
by the four German network operators consists mainly of 
a permanent adaptation of the generated power input to the 
varying load. Power generation and purchases are planned 
24 hours in advance. By switching on and off of power 
plants with different regulation time constants, and by short- 
term buffering using the rotational energy of the generators 
and turbines, equilibrium is maintained. While up to now, 
only the load variations and possible power-plant malfunc- 
tions had to be compensated, in the future the regulation 
of the network will be complicated by the variability of the 
input from wind energy, which has a preferred acceptance 
status. Wind energy forecast programs are being employed 
in order to minimize the required capacity of convention- 
al power plants and of additional power reserves. At pre- 
sent, the average deviation of the 24-hour predictions is 
about 6.5 % (expressed as the mean square error normal- 
ized to the installed power capacity) [10]. 

Considerable deviations in the forecasts can occur in 
particular due to time offsets in the passage of weather fronts 
and the corresponding significant power gradients. Under 
such unfavorable conditions, the input of wind power with- 
in a regulation zone can decrease by up to 1 GW per hour 
and by several gigawatts within a few hours. Eurther im- 
provements of the forecasts and a reduction of reserve ca- 
pacity would be possible by using new communications 
technology, by introducing a more flexible power-plant plan- 
ning, and by short-term balancing among the different net- 
work operators. Reasonable measures include a short-term 
correction of the 24-hour forecasts, real-time measurements 
of the output power of wind generators, and the introduc- 
tion of shorter trading periods on the power market (intra- 
day trading). The earlier dena-I study found that up to the 
year 2015, no additional power plant reserves will be re- 
quired to furnish power for regulation and reserves. Eur- 
thermore, on the average an hourly and minute-by-minute re- 
serve of conventional power-plant capacity amounting to 8 
to 9 % of the installed wind-energy capacity should suffice. 

In order to maintain the traditionally very good network 
stability and supply security in Germany, new grid-connec- 
tion rules for wind energy generators were introduced in 
2003; these require the plants to meet certain criteria. Old- 
er, previously installed wind energy plants which corre- 
spond to the earlier criteria have to be shut down imme- 
diately if network malfunctions occur. This could, in unfa- 
vorable cases, lead to a sudden deficit of several gigawatts 
of input power and produce instabilities in the European 
electric power network. These risks can however be mini- 
mized by modern wind energy plants with transverter tech- 
nology, by retrofitting of older installations, and by mod- 
ernization of the power transmission network, which is in 
any case necessary. Network stability and security can thus 
be guaranteed even with further increases in the proportion 
of wind energy. 

An increasing proportion of wind energy input power, 
with its quasi day-to-day variability, will in the medium term 
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require energy storage systems on the scale of power plants. 
The construction of new pump-storage hydroelectric plants 
in Germany is not to be expected in the future. Storage via 
electrolytically-produced hydrogen as an alternative has a 
very low system efficiency. In the foreseeable future, it will 
be more reasonable to save fossil fuel by making use of 
wind energy, and to tide over wind variations by using con- 
ventional power plants [11]. Underground adiabatic high- 
pressure air storage systems, which can yield efficiencies of 
up to 70 % for thermal energy retrieval, have relatively good 
future prospects. The methanization of CO2 would permit 
the use of the existing natural-gas infrastructure for stor- 
age. However, the industrial-scale application of these com- 
pletely new technologies cannot be expected in the near 
future. Likewise, the use of decommissioned mine shafts as 
pump-storage systems is also an interesting option. In the 
long term, if electric automobiles are in use on a large scale, 
their energy-storage batteries could be used to equalize fluc- 
tuations from wind and solar energy, and thus to stabilize 
the power grid. 

Economic Feasibility 

Increasing the use of wind energy in Germany has been 
stimulated to a major extent by the introduction of a mini- 
mum price for wind power and the accompanying planning 
reliability through the Power Feed-In Law (1991 to 2000) 
and the Renewable Energies Act (EEG, since April 2000). 
Thanks to further technical developments and to economies 
of scale, the costs of wind power plants have been consid- 
erably reduced. At present, an installation with 2 MW of 
output power, 90 m rotor diameter and a hub height of 
100 m costs about 2.4 million € ex works, with additional 
infrastructure costs of 25-30 % at the wind park. At a ref- 
erence site near the coast (with an annual average wind 
20 I speed of 5.5 m/s at an altitude of 30 m), about 6. 1 GWh per 



year can be generated. This is sufficient to supply 1,750 
four-person households. 

More important than the pure investment costs are the 
specific generating costs per kilowatt hour produced. Eig- 
ure 7 shows an inflation-corrected reduction of the plant 
costs per kWh produced annually at a reference site by over 
50 % between 1990 and 2007. This development corre- 
sponds to a learning curve with a progression rate of 91 %, 
increasing to 93 % after 1997. That is, for each doubling of 
installed power output, the costs fell by 9 % (7 %) (Eigure 7). 

While in 1991, the subsidized input compensation 
amounted to a maximum of 18.31 €-ct/kWh, by the year 
2006 it had been reduced by 59 % to an average value of 
7.44 €-ct/kWh. This historic development is extrapolated in 
the current Renewable Energies Act (EEG), and is regularly 
reappraised. The minimum compensation for newly-com- 
missioned onshore plants decreases by 1.5 % per year. Tak- 
ing inflation into account, new plants therefore have to be 
more cost effective by about 3.5 %. 

Between 2006 and 2008, however, due to the increas- 
ing prices of raw materials such as copper and steel and the 
worldwide increase in demand, the selling price of wind- 
power plants in Germany increased by nearly 30 %. In the 
amendment of the EEG which took effect on on Jan. 1st, 
2009, this resulted in a slight increase in the compensation. 
In the later amendment, effective on Jan. I^^, 2012, the com- 
pensation was again decreased: Onshore, it was decreased 
from 5.02 €-ct./kWh to 4.87 €-ct./kWh, and the initial com- 
pensation for new plants fell from 9.2 €-ct./kWh to 8.93 €- 
ct./kWh, while the regression rate was raised from I % to 
1.5 % per year. The system service bonus decreased from 
0.5 €-ct./kWh to 0.48 €-ct./kWh. In 2009, this bonus was 
first introduced for modern plants, which can improve the 
stability of the power grid. Offshore, the base compensation 
of 3.5 €-ct./kWh and the initial compensation of 15 €- 
ct./kWh remained constant. While there is no regression be- 
tween 2012 and 2017, a regression of 7 % is to start in 2018. 
Eor the so-called repowering (replacement of older plants 
by new ones with a higher yield), the initial compensation 
remained at 0.5 €-ct./kWh. 

Another provision of the EEG takes into account the 
importance of the local wind conditions for economic op- 
eration of the plants. This determines the amount and the 
stepwise regression of the different compensation levels 
during the planned 20-year lifespan of the subsidies. Pro- 
jects which are obviously economically ineffective have in 
the meantime been excluded from subsidies. On the other 
hand, especially favorable conditions apply to offshore sites 
and to repowering. 

The strong worldwide demand for wind-power plants 
is being driven not only by considerations of environmen- 
tal and nature protection, but also by the economic rewards 
of wind power at favorable onshore sites which can be ex- 
pected in the meantime, in comparison to new construc- 
tion of conventional power plants. An up-to-date interna- 
tional cost comparison (Eigure 8), taking price increases in 
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the power-plant and wind-power markets into account, il- 
lustrates this fact. 

Nature Conservation and Public Acceptance 

With increasing industrial exploitation in the form of large 
wind parks, wind power has experienced growing accep- 
tance problems. Yet, in comparison to other interventions 
into nature, such as the increasing concentration of CO2 
and pollutants in the atmosphere, air and ground traffic, 
aerial transmission lines and many others, wind power in- 
stallations have however only local and minor negative ef- 
fects. In view of the directly perceptible consequences of 
traditional energy supplies, a clear majority of German cit- 
izens are still in favor of the continuing development of 
wind power. Nevertheless, a paradoxical behavior is often 
observed, accurately characterized by the NIMBY phe- 
nomenon, “Not in my back yard!”; i.e. wind power jyes , but 
somewhere else. 

Thus, for specific wind park projects, a socially and en- 
vironmentally consistent planning is essential. It has to take 
into account the interests of the local population as well as 
recognized minimum standards for nature and landscape 
conservation. Such an approach can avoid political preju- 
dices and polarization on all sides, that are all too often ob- 
served and that cannot be readily countered simply by cit- 
ing scientific facts or technical solutions. 

Ecological and Economical Expediency 

With the climate catastrophe looming in the background, 
German electricity producers are faced with a dilemma. In 
the coming decades, a major portion of the power-gener- 
ating capacity must be renewed. At the present level of ca. 
544 g of CO2 emitted per kWh of power generated (2010), 
Germany lies notably above the European average [12, 13]. 
A continuation of the current mix of energy inputs with on- 
ly moderate increases in the proportion of energy from sus- 
tainable sources is not a promising alternative, in particular 
with regard to the self-imposed promise of the German Fed- 
eral government to reduce CO2 emissions by 40 % relative 
to 1990. Also, especially the exit scenario for nuclear pow- 
er increases pressure to lower emissions by accelerating 
the development of sustainable energy sources. 

Following the decision to adopt this exit scenario, the 
remaining options for power generation from fossil energy 
sources are not convincing: On the one hand, the exploita- 
tion of the still rich coal reserves in combination with tech- 
nically immature and economically questionable CO2 cap- 
ture and sequestration (CCS), with expected high infra- 
structure costs and up to 40 % reduction in efficiency [14]; 
or on the other, a politically risky, in the medium term ex- 
pensive, and only palliative CO2 reduction by power gen- 
eration based on imported natural gas. 

In addition to rising fuel costs, the continued use of fos- 
sil fuels would be accompanied by ecological and political 
costs, which arise firstly from the cost of avoiding and over- 
coming environmental damage, and secondly from one- 
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A comparison of the power-generating costs for on- and offshore wind parks with 
those of various conventional energy carriers. The costs quoted at the lower right 
are installation costs, in the three bar graphs at the left, the colors refer to the cost 
of greenhouse gases emitted (incl. fuel production costs) according to the Stern 
Review (dark green bars represent the upper limits of the estimates), the cost of 
emission certificates for CO2 (European market, light green), the spread in costs 
depending on mining site, ore quality, and fuel treatment (red), and the base costs 
(purple) (graphics: Wind power Monthly 1/2008). 

sided dependence on fuel deliveries from politically often 
unstable regions. In the short term, such measures might 
well contribute to a reduction in CO2 emissions; but in the 
long run, they are not sound in terms of a sustainable en- 
ergy supply with predictable, acceptable future costs. 

For the renewable energy sources, new challenges pre- 
sent themselves, for example the integration of renewable 
sources into the power grid, as described above for the case 
of wind energy, and the compatibility of energy-economy 
structures. The Institute for Solar Energy Supply Technolo- 
gy (ISET) in Kassel demonstrated in 2005 how the electri- 
cal energy supply of Europe and its neighbors could be se- 
cured using exclusively sustainable energy sources and cur- 
rently available technologies, at prices very close to those 
presently in effect [15]. The central element of such a con- 
cept, with a very high proportion of wind energy, is the bal- 
ancing of input variations from the renewable energy 
sources among each other. This can be achieved by using 
a combination of different energy sources and by trans- 
porting electric power through a transcontinental power 
network based on high-voltage direct current transmission 
(HVDC) with low losses (10-15 %). A similar idea within a 
smaller framework is the concept of decentralized renew- 
able combined power stations, in which weather and load 
prognoses serve as the basis for controlling the plants; these 
are then adjusted to match the real supply and demand for 
power. Biogas plants and pumped-storage systems could 
even out the load fluctuations from variations in wind and 
solar power availability. Initial experience with a pilot plant 
appears to be promising [I6] . It supports and complements 
the ISET study. 

In the framework of an international energy system, the 
technical and economic perspectives are clearly improved. 

Assuming further increases in fossil fuel prices, it is pre- I 21 





dieted that an energy mix from sustainable sources (with- 
out photovoltaics) would be more favorable in terms of 
costs than fossil-fuel power generation by as early as 2015 
[17]. The continued rapid deployment of sustainable ener- 
gies would thus offer a guarantee for stabilizing electric 
power costs, and thus in the end for the competitiveness 
of German industry 

Summary 

The rapid increase in the utilization of wind energy within the 
past twenty years was made possible to a large extent by tech- 
nological developments and a favorable political climate. 
Alongside the continued improvement of efficiency and eco- 
nomic competitiveness of the wind energy systems, political 
aspects are now becoming more important Among these are 
inte-gration into the national and international power grid 
and into the international energy economy, as well as a soci- 
etal consensus concerning energy policy. Power generation 
from wind energy is thus in transition from an alternative to 
a mainstream energy source. It can make a decisive contri- 
bution in the future to a climate-compatible and economi- 
cally feasible power generation system. 
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Hydroelectric Power Plants 

Flowing Energy 

BY Roland Wencenmayr 



Hydroelectric plants generate nearly one-sixth of the electric 
power produced worldwide. Water power, along with the 
biomass, is thus the only sustainable energy source that con- 
tributes at present on a large scale to the electrical energy 
supply for the world’s population. It is efficient, but it can also 
destroy whole regions, societies and ecological systems. 

S ince the late 19^^ century, water power has been used 
to generate electricity. In the year 2009, according to 
the International Energy Agency, lEA, it provided 1 6. 2 % of 
the world’s total electrical energy requirements, and thus 
outperformed nuclear power, at 13.4 % [1]. Its contribution 
to the world’s consumption of primary energy, which also 
includes heat energy, was 2.3 % in the year 2009 [2]. It is 
thus the only sustainable energy source which presently 
contributes an appreciable portion of the electrical energy 
supply for the world’s population. 

Modern hydroelectric plants achieve a very high effi- 
ciency. Up to 90 % of the kinetic energy of the flowing wa- 
ter can be converted to electric power by modern turbines 
and generators. In comparison, light-water reactors convert 
only about 35 % of the nuclear energy into electrical ener- 
gy, while the remainder is lost as “waste heat”; coal-fired 
power plants have an efficiency of over 40 %, while a mod- 
ern natural gas-combi power plant achieves over 60 per- 
cent. 



River and Storage Hydroelectric Plants 

The hydroelectric power primer tells us that there are river 
power plants, storage power plants and pumped-storage 
power plants. River power plants are used as a rule to sup- 
ply the base load to the power grid. Their power produc- 
tion depends on the water level in the river, and this varies 
only slowly over the seasons in most rivers. Storage power 
plants are usually located high in mountainous regions and 
collect the water from melting snow in their reservoirs; they 
are therefore strongly dependent on this seasonal water sup- 
ply. On the other hand, they can be started up within min- 
utes and can be used to level out variations in grid power. 
They are thus well suited for compensating peak demand. 

Pumped storage power plants, in contrast, are pure en- 
ergy storage facilities which do not contribute to the pro- 
duction of electrical energy as such. In periods of low de- 
mand, they pump water into a high-level reservoir using 
power from the grid. As required at times of peak demand, 
they convert the stored potential energy back into electri- 
cal energy, by letting the stored water flow back down into 
the lower storage reservoir - or into a river. They are usual- 
ly outfitted with special turbines which can work in the re- 
verse direction as pumps. These plants are often used by the 
power companies for power ‘upgrading’ : they are turned on 
when power is in short supply and therefore expensive. 

Pumped storage plants are at present the only interme- 
diate storage facilities for large amounts of electrical ener- 
gy. Alternative storage methods, such as air pressure vessels 
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or the conversion of electrical energy into chemical ener- 
gy-storage media such as hydrogen or methane, as well as 
other approaches, are not yet technically mature. As the 
proportion of fluctuating sustainable energy sources in the 
grid increases, the need for pumped storage plants will 
grow However, this is in opposition to landscape protection 
interests. An alternative is provided by using decommis- 
sioned mine shafts as underground pumped storage plants, 
for example in the Ruhr region of Germany. 

The most modern pumped storage power plant in Ger- 
many went online in 2003 in Goldisthal, Thuringia. Its tur- 
bines were supplied by Voith Hydro. This company, locat- 
ed in Heidenheim, is one of the world’s major producers of 
equipment for hydroelectric power generation. As its tech- 
nical board member Siegbert Etter explains, no other ma- 
chines attain a power density as high as that of modern wa- 
ter turbines. A turbine which can deliver a hundred kilo- 
watts of power is only 20 cm (8”) in diameter, and is thus 
much more compact than an automobile engine of similar 
power. The amount of power which a turbine can deliver 
depends essentialy on the velocity and the amount of wa- 
ter that flows through it per unit time. 

Large-scale Hydroelectric Plants 

A typical flow power plant in a river without a significant 
head of water accepts a large volume of water at a rela- 
tively sluggish velocity. It uses Kaplan turbines, which are 
reminiscent of enormous ship’s propellers (Fig. 1, left side). 
At low rotational speeds, they extract the optimal amount 
of useful energy from the low water head at typically mod- 
erate flow velocities. The plant operators can adjust the 
pitch of the turbine blades and the fin-like guides in the 
housing through which the water flows into the turbine. 

As the water head becomes higher, its kinetic energy al- 
so increases. Power plant owners therefore take advantage 
of the differences in altitude in mountainous regions, where 
storage reservoirs collect melt water at high levels. It flows 
down hundreds of meters through shafts and pipes to the 
power plant, where it jets out of no 2 zles into the massive 




The Three-Corge dam in China during construction in 2003. Behind its walls, which 
are up to over 180 m high, the water of the Yangtze River has meanwhile backed up 
to form a lake more than 600 km long (photo: Voith Hydro). 



buckets of Pelton turbines (Fig. 1, right side). These mod- 
ern descendents of the water wheel have dividing parti- 
tions in the centers of their buckets, which split the water 
jets as they hit the turbine. The curved buckets deflect the 
water jets by nearly 180°, causing a maximum change in the 
momentum of the water and allowing the turbine wheel to 
extract nearly all of its kinetic energy. With a head of 
1000 m, the water bursts out of the nozzles at up to 
500 km/h and drives the turbines up to 1000 rpm. The 
nozzle openings can be adjusted by cones and a pivoted 
flow deflector directs the flow of water to the turbines. 

The largest power plants are built along the earth’s 
greatest rivers (Figure 2). Their massive dams do not pro- 
duce a very high water head, but their turbines handle ex- 
tremely large volumes of water. The controversial Three 
Gorge Project in China is currently the largest hydroelec- 
tric plant in the world. Its dam is over 180 m (nearly 600 ) 
high and has at present backed up the Yangtze River to 
form a lake 660 km (410 mi.) long. The 26 giant turbines 
deliver nominally 18.2 GW of electric power. This corre- 
sponds to 14 nuclear power plant blocks or 22 large coal- 




Left: The water (blue) flows horizontally into this vertical- 
shaft Kaplan turbine past the control vanes (green). 
Center: Francis turbines are usually mounted with their 
shafts vertical. The water flows in radially past the control 
vanes (green) and exits axially down the “outlet pipe**. 
Right: A Pelton turbine (red) with an input pipe (penstock) 
leading to six steerable nozzles (one shown in cross- 
section); to the right of each nozzle is a flow deflector. 

A portion of the housing with the mechanical controls is 
indicated schematically (graphics: Voith Hydro). 
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FIG. 2 I A RIVER POWER PLANT 




In a large-scale river power plant, the water at the upper 
level of the river (I) fills a reservoir. In order to allow con- 
trolled runoff of high water (higher water level (2)), the dam 
(3) has a spillway (4). In normal operation, the water flows 
past grids which can be raised to catch flotsam (5) and sluice 
gates (6) through **penstocks” down to the powerhouse (7) 
and the turbines (8), The vertical-shaft Francis turbines drive 
the generators (9) via connecting shafts. The water then 
exits through lower sluice gates (10) to the lower river level 
(11), The sluice gates (6) and (10) are water-tight when 
closed, so that each turbine can be emptied of water and 
inspected, A system of locks (12) allows ships to pass the 
dam. The fish ladder (13) attracts the fish with a current of 
water and encourages them to choose this safe route 
(graphics: Esjottes/von-Rotwein, Illustration + Infografik). 



fired plants [3] . The power actually obtained in practice is 
however around half of this value. In 2008, this plant pro- 
duced over 80 TWh of electrical energy, which would cov- 
er about 13 % of the electrical power requirements in Ger- 
many Its Francis turbines were designed by Voith Hydro. 
Each of them is 10 meters in diameter and weighs 420 tons. 

Francis turbines can accept a large range of water ve- 
locities corresponding to moderate up to very high water 
heads (the latter are are the domain of the Pelton turbines). 
Their curved buckets are not adjustable (Fig. 1, center). The 
water flows through a delivery pipe (spiral) radially into the 
turbine and causes it to rotate. It then exits downwards 
along the turbine shaft through the outlet pipe to the low- 
er water level of the river. Regulation is provided by the con- 
trol surfaces arranged around the perimeter of the turbine 
wheel, whose jets are adjustable. The giant Francis turbines 
of the Three Gorge project operate at 75 rpm. With a wa- 
ter head of 80 meters, the massive water columns of the 
Yangt 2 c flow into the turbines at a velocity of 20 km/h. 
The water is accelerated up to 120 km/h on the rotating tur- 
bine buckets. 

Modern Francis turbines extract almost all of the kinet- 
ic energy from the water and produce a large drop in pres- 
sure. This reduces the pressure at the outlet so drastically 
that the water foams up in cold water-vapor bubbles. This 
‘cavitation’ has to be taken into account by the engineers 
when designing the turbines, since it must never be allowed 
to come into contact with the turbine blades. If the bub- 
bles touch the metal, they implode violently and produce 
cavities in the surface of the blades (thus the term ‘cavita- 
tion’). The turbines must be constructed and operated in 
such a way that cavitation occurs only at their outlets. 

Each power plant has its own unique characteristics, 
and water turbines are tailor-made for a particular plant. 
The firm in Heidenheim currently designs them using com- 
plex computer simulations, and optimizes the design using 
small-scale models in their own test bed. This is itself a small 
power plant with a megawatt of output power. Ecological 



considerations can also influence the design of the turbines. 
In the USA, some power plants employ turbines which blow 
air into the water through special channels, thus increasing 
the low oxygen content of the river. There are even ‘fish 
friendly’ turbines: Fish which have missed the fish ladder 
(Figure 2) have a chance of survival when passing through 
them. 

Small-scale Hydroelectric Plants 

Fish can also be an issue even for the constructors of small 
power plants. In order not to endanger the fish population 
of the small Black Forest River Elz, the water-power equip- 
ment company WKV in Gutach constructed an elaborate in- 
let structure. A fish ladder and a fine grid keep the fish from 
entering the kilometer-long pipe which carries water par- 
allel to the river into the turbines of the heavy machine fac- 
tory. The factory obtains its electrical power to a large ex- 
tent from the water of the Elz. The two Francis turbines 
with a total power output of 320 kW produce more pow- 
er in the course of a year than WKV needs for its produc- 
tion lines. They deliver the excess power to neighboring 
households. 

WVK supplies the market for small and medium-sized 
water-power plants. The firm was founded in 1979 by a 
teacher, Manfred Volk, as a ‘garage operation’. It has been 
growing ever since, and has delivered plants to over 30 
countries. Its turbine technology is developed by WKV in 
cooperation with the Technical University in Munich. 

This Breisgau firm is successful, but it has to deal with 
the vagaries of the sustainable-energy market. According to 
WKVs financial director Thomas Bub, 70 to 80 percent of 
the projects planned by potential customers fizzle out for 
lack of financial backing. The particular economic aspect 
of water power lies in its extremely long useful life: Some 
plants are in use for more than 80 years. They can take full 
advantage of the cost-free energy supply over this long time 
period. On the other hand, the initial investment is often 
considerably higher and more complex than for a compa- 
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rable fossil-fuel power plant. The interest payments on the 
high capital investment at the outset mean that many plants 
are amortized only after several decades. Thus, hydroelec- 
tric power needs investors and creditors who think in long 
terms. 

Large Dams and their Consequences 

This is particularly true of the billion-dollar investments re- 
quired for large-scale hydroelectric plants. Their negative 
image has dampened willingness to finance the investments 
on the part of traditional major backers such as the World 
Bank. Hydroelectric power on a large scale always exacts a 
high price. It can damage or even destroy whole regions, 
ecosystems and social structures. The World Commission on 
Dams (WCD) listed 45,000 large dams in the year 2000 [3] . 
Half of these dams were constructed for power production. 

The WCD estimates that for the construction of these 
dams, worldwide 40 to 80 million persons were displaced 
or forced out of their homes [3] . A famous negative exam- 
ple is the 50-year-old Kariba dam in Zimbabwe. It caused 
massive changes in the delta of the Zambezi River. 60,000 
persons were forced to move by the construction of the 
reservoir [3] . In the case of the Chinese Three Gorge pro- 
ject, apparently more than a million people had to be relo- 
cated. 

This policy has generated massive criticism on the part 
of non-governmental organizations such as the International 
Rivers Network. They have in the past applied political pres- 
sure on the World Bank so successfully that it practically 
withdrew from financing large hydroelectric projects in 
poorer countries. However, new financial sources have ap- 
peared which have again stirred up activity in this area. In 
particular, India and China have offered partnerships to 
countries which are poor in capital but rich in water. They 
have shown fewer ethical scruples in their financing agree- 
ments and offer to deliver the technology at favorable prices 
at the same time. This has forced the World Bank to make 
another policy reversal, to avoid avoid being left out of the 
process altogether [4] . 

The safety of dams is another problem which must be 
taken seriously. In 1975, the Banquiao dam in China burst 
after a typhoon which was accompanied by catastrophic 
rainfall, causing 26,000 fatalities. This was the greatest man- 
made catastrophe in history, says Stefan Hirschberg of the 
Paul Scherrer Institut in Villigen, Switzerland. But he also 
points out that in the OECD countries, there has been on- 
ly a single accident since 1969, which occurred in the USA 
and caused only a few deaths. 

Hirschberg carries out systems research on energy tech- 
nologies and is well acquainted with the situation in Chi- 
na. From his point of view, there are many advantages not 
only to small-scale but also to large-scale hydroelectric pow- 
er. A major plus is the (often) low emission rate of green- 
house gases. Reservoirs can - depending on their geologi- 
cal and climatic situation - emit carbon dioxide and, as a 
result of the decomposition of plant material, also methane. 



But even when the production of the materials for con- 
structing a typical hydroelectric plant is taken into account, 
on the average only the equivalent of a few grams of CO 2 
per kilowatt hour are released, Hirschberg explains. A typ- 
ical coal-fired power plant, in contrast, emits a kilogram of 
CO 2 per kilowatt hour of energy produced, and a Chinese 
coal-fired power plant emits up to 1.5 kg per kWh. 

The outdated Chinese power plants also lack smoke fil- 
tering systems. In densely-populated areas, they shorten the 
lifespan of the population measurably. According to 
Hirschberg’s studies, 25,000 years of life expectancy are 
lost there per gigawatt of power generated each year. Fur- 
thermore, the coal mines degrade the overall ecological and 
social conditions in China. They emit enormous amounts 
of methane, and between 1994 and 1999 alone, more than 
11,000 miners lost their lives in accidents [5]. 

These statistics for a country with 25 % of the world’s 
population make it clear that large-scale hydroelectric pow- 
er plants may be the lesser evil. Hirschberg in any case 
maintains, “In the context of global climate policy, hydro- 
electric power occupies an excellent position”. 

Summary 

Water power generates nearly one-sixth of the electric pow- 
er produced worldwide and thus greatly outpaces all the oth- 
er forms of sustainable energy. Kaplan turbines are suitable 
for electric power generation with a low head of water, while 
Francis turbines are used for moderate hydraulic gradients 
and Pelton turbines for very large gradients with high flow 
velocities. There are river power plants and storage power 
plants. Pumped-storage power plants are used purely for en- 
ergy storage. Modern water turbines and generators can con- 
vert the kinetic energy of the water into electrical energy with 
up to 90 % efficiency. However, large-scale power plants can 
destroy whole regions, societies and ecosystems. 
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Solar Thermal Power Plants 

How the Sun gets into the 
Power Plant 

BY Robert Pitz-Paal 



Large, precisely curved mirror surfaces and enormous heat 
storage tanks are the most obvious components of solar- 
thermal power plants, which are rapidly multiplying in the 
desert regions of the world. They collect the sunlight and 
concentrate it onto a thermal power-generating unit. 



T oday, when people talk about solar power, they usual- 
ly mean power produced by the shiny blue photo- 
voltaic cells on the roofs of houses or along expressways. 
It is practically unknown that solar thermal power plants, 
which are based on a completely different operating prin- 
ciple, already feed more than 3 TWh per year of electric en- 
ergy into the power grids worldwide - tendency increas- 
ing [1]. The origins of this technology were in Europe [2]. 
There, it is now advancing rapidly, since Spain and Italy have 
begun subsidi 2 ing its commercial exploitation. 

Germany, Austria and Swit 2 erland are too far north to be 
able to operate solar thermal power plants economically. 
Nevertheless, German research organi 2 ations and firms in 

particular are contributing in- 
tensively to further develop- 
ment of solar thermal power 
generation technology for the 
export market. In the future, 
the import of solar-thermally 
generated electric power could 
also become an important fac- 
tor for the northern industrial 
countries in helping to reduce 
their CO 2 emissions [3,4]. 



Solar thermal website of the DLR 

www.dlr.de/sf/en 

www.dlr.de/desertec (click on ‘English’) 

Plataforma solar de Almeiria 

www.psa.es/webeng 



Solar PACES network on solar power plants 

www.solarpaces.org 

Desertec Foundation: 

www.desertec.org 

Desertec Industry Initiative: 

www.dii-eumena.com/en 

Parabolic Trough Solar Power Network: 

www.nrel.gov/csp/troughnet 



The Principle 

Nearly 80 percent of the elec- 
tric power that we use comes 
from fossil-fuel or nuclear 
power plants. The principle of 
power generation is in all cas- 
es the same: Heat energy from 
combustion of fossil fuels or 
from nuclear fission is used to 



drive a thermal engine - as a rule using a steam turbine cy- 
cle - and to produce electric current via generators coupled 
to the turbines. Solar thermal power plants use exactly the 
same technology, which has been refined for more than a 
hundred years. They simply replace the conventional heat 
sources by solar energy. 

In contrast to fossil energy sources, solar energy is not 
available around the clock. The gaps, for example at night, 
can be bridged over in two ways by the power plant oper- 
ators: Either they switch to fossil fuel combustion when 
the sun is not available, or else they store the collected heat 
energy and withdraw this stored heat as needed for power 
generation. 

Solar thermal power plants work in principle like a mag- 
nifying glass (Eigure la-c). They concentrate the rays of 
the sun, in order to obtain a high temperature: At least 300° 
C is required in order to be able to generate power effec- 
tively and economically with their heat engines using the 
collected solar energy. The flat or vacuum-tube collectors 
familiar from rooftop applications are not suitable. 

The required high working temperature necessitates 
strong, direct solar radiation, and this determines which lo- 
cations are appropriate for solar thermal power plants. They 
can thus be operated economically only within the - enor- 
mous - Sun Belt between the 35^^ northern and 35^^ south- 
ern latitudes. This distinguishes them from photovoltaic sys- 
tems, which can generate power effectively even with dif- 
fuse daylight, and are therefore also suitable for use under 
the conditions in Central Europe. 

The Concentration of Light 

If a black spot is irradiated by sunlight, it will heat up until 
the thermal losses to its environment just compensate in- 
put of solar radiation energy. When useful heat is extract- 
ed from the spot, its temperature will decrease. To reach 
higher temperatures, there are two possibilities, which can 
be used in parallel: reduction of the thermal losses, and an 
increase in the radiation energy input per unit area. The lat- 
ter requires concentration of the direct solar radiation, 
which can be accomplished by using lenses or mirrors. But 
how strongly can solar radiation be concentrated? 

The solar disc has a finite si 2 e; from the earth, its diam- 
eter appears to us to correspond to an angle of about one- 
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Fig. 1 (a) Prototype of the improved Euro-Trough parabolic collector (photo: DLR). (b) The solar tower power plant CESA lat the European test center 
* Plata forma Solar de Almeria* is currently a test platform for various new developments, (c) The European Dish-Stirling system called *EuroDish\ 



half of one degree. For this reason, not all the sun’s rays 
which reach the earth are precisely parallel to one anoth- 
er. That would, however, be required in order to be able to 
concentrate them onto a single point. Therefore, the max- 
imum possible concentration is limited to a factor of about 
46,200-fold. Nevertheless, we can in this way theoretically 
arrive at about the same radiation energy density as on the 
surface of the sun, and could in principle obtain heat at a 
temperature of several thousand Kelvins. The focus point 
of the concentrator has to be at the same place during the 
whole day; the concentrator thus has to follow the sun by 
moving around two axes. An alternative is offered by linear 
concentrators, for example cylindrical lenses: They do not 
concentrate the radiation at a single point, but rather along 
a caustic line, so that they need to be moved around only 
one axis in order to follow the sun. In this case, however, 
the theoretical maximum degree of concentration is only 
215-fold. This is still sufficient to obtain useful heat at a 
temperature of several hundred Kelvins. 

Concentrating Collectors 

In practice, mirror concentrators have for the most part tak- 
en predominance over lens concentrators [7,8]. They are 
more suitable for assembly on a large scale and are less cost- 
ly to construct. Essentially four different structural types 
can be distinguished (Figure 2). The dish concentrator is 



an ideal concentrator which follows the motion of the sun 
along two axes. It consists of a parabolic silvered dish, 
which focusses the radiation of the sun onto a single point. 
The receiver for the radiation, and often a heat engine which 
is directly connected to it, are mounted at the focal point, 
both fixed in relation to the dish, so that they move with 
it. Wind forces, which deform the surface of the concen- 
trator, limit its maximum si2c to a few 100 m^ and its elec- 
tric power output to a few tens of kW. 

The central receiver system solves this problem by 
dividing up the oversized parabolic concentrator into a set 
of smaller, individually movable concentrator mirrors. These 
heliostats are directed onto a common focal point at the 
top of a central tower (‘tower power plant’). There, a cen- 
tral receiver collects the heat. Since such a concentrator is 
no longer an ideal paraboloid, the maximum possible con- 
centration factor decreases to 500- to 1000-fold. This, how- 
ever, is sufficient to reach temperatures of up to 1500 K. 
Large central receiver systems with thousends of heliostats, 
each with 100 m^ mirror area, would require towers up to 
100-200 m high. They could collect several hundred MW 
of solar radiation power. 

The paraboic trough concentrator is a linear concen- 
trator which is moved around only one axis. A parabolic sil- 
vered trough concentrates the solar radiation up to 1 00- 
fold onto a tube which runs along the caustic line, and in 



FIG. 2 I CONCENTRATION OF THE SUNLIGHT 



Receiver Concentrator, Absorber 






Sunlight 

Secondary reflector 
Fresnel reflector 
Absorber pipe 



Four different solutions for concentrating the solar radiation: a) dish concentrator, b) central-receiver system, c) parabolic 
trough, d) linear Fresnel collector. 
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FIG. 3 I A SOLAR THERMAL POWER PLANT 




High-tempera- 
ture heat energy 
from the sun or 
fuel combustion 
drives a steam 
turbine. 



which a heat-trans- 
fer medium is cir- 
culated. 

The linear 
Fresnel collector is 
a variant of the 
parabolic trough 
concentrator. Its 
parabolic reflector 
is sliced into nar- 
row strips which 
are arranged be- 
side each other 
like the vanes of 
a Venetian blind, 
and thus offer lit- 
tle resistance to 
wind forces. It 
permits the con- 
struction of very large apertures. A further advantage lies 
in the fact that the absorber tube need not be moved along 
with the reflector, but instead can be installed in a fixed po- 
sition, simplifying its connection to the heat-transfer piping. 
These advantages are however bought at the cost of a re- 
duced optical efficiency, depending on the latitude of the 
installation. In order to collect the same amount of solar en- 
ergy, 1 5 to 40 % more collector area is thus required (Fig- 
ure 2d). The theoretical maximum value of 215-fold con- 
centration is not attainable in practice for two reasons: On 
the one hand, the large troughs “lie” on the earth’s surface 
and therefore cannot be rotated around all possible spatial 
axes to point towards the sun; and on the other, surface im- 
perfections reduce the geometric quality of the mirrors. 

Trough collectors can be joined up into line sections 
many hundreds of meters in length. Numerous parallel lines 
can then collect hunderds of MW of thermal power for one 
power plant block. 



Heat-Engine Processes 

A thermal power process can unfortunately not convert all 
the heat energy provided to it into mechanical work. It fol- 
lows from the Second Law of Thermodynamics that part of 
the heat energy must be extracted from the process at a 
lower temperature than the input heat (so called “waste 
heat”). The higher the input temperature and the lower the 
output temperature, the greater the fraction of heat which 
can be converted into mechanical work (and thus into elec- 
tric power in a power plant). It therefore follows from ther- 
modynamics that a high “temperature head” between the 
hot and the cold heat reservoirs is more favorable for the 
thermal efficiency than a lower one. 

In conventional thermal power processes to which so- 
lar energy can be applied, steam thermal engines (Clausius- 
Rankine process) are very often used: Water is vapori2ed at 
high pressure in a boiler and the steam is further super- 
heated. This hot steam expands in a turbine and performs 



mechanical work there. It is then condensed back to liquid 
water in a condenser and flows back into the boiler (Fig- 
ure 3). The cooling of the conden-ser removes a part of the 
thermal energy from the process cycle and thereby fulfills 
the laws of thermodynamics. 

Modern steam power plants operate at steam pressures 
above 200 bar and at temperatures of over 600° C. As a 
rule, they generate an electric output power of several hun- 
dred MWei. As a result, parabolic-trough concentrators and 
central-receiver systems in particular are suitable sources of 
heat for this type of power plant, while dish concentrators 
can be used to drive other, more compact thermal engines 
with lower power outputs. 

The solar energy concentrators in use today cannot 
quite reach the extreme steam temperatures and pressures 
mentioned above. The levels they reach nevertheless per- 
mit reasonable and efficient power generation, if the steam 
power plant is designed to suit them. Since central-receiv- 
er and dish systems can in principle produce notably high- 
er temperatures, it makes sense to utili 2 e this potential. Due 
to the higher temperature of the input heat, the power plant 
can convert more heat into electrical power per unit area 
of its mirrors. As a result, for the same power output it re- 
quires less concentrator area, which saves on costs for its 
construction and operation. 

Gas turbines represent a mature technology as heat-en- 
gine power plants, with high operating temperatures of 900 
to 1300° C. For simplicity, they make use of air as operat- 
ing medium. However, the outlet air temperature is still 
rather high at 400 to 600° C. They thus offer no efficiency 
advantage in comparison to steam systems; only with a com- 
bination of gas and steam turbines (‘combined-cycle’ or 
CCGT plants) can the desired improvement be reali 2 ed. In 
this concept, the sun preheats the gas-turbine cycle, and 
the ‘waste heat’ output from the gas turbines is fed to steam 
generators for the separate steam-turbine cycle. Such sys- 
tems can generate 25 to 35 % more electric power from a 
kWh of heat energy than a pure steam turbine plant. 

Small gas turbine systems (without steam turbines) can 
also be used in dish concentrator systems. To date, howev- 
er, Stirling engines have been predominant: In contrast to 
internal-combustion engines, these hot-air engines require 
an external source of heat, as can be provided optimally by 
the focal point of a parabolic mirror reflector; on the oth- 
er hand, they require no fuel. Additional advantages of Stir- 
ling engines are their high thermal efficiencies and their her- 
metically-sealed construction, which reduces maintenance 
costs. Since the market for Stirling engines has been small 
up to now, the choice of available models is still relatively 
limited. 

Parabolic-Trough Power Plants 

Parabolic-trough power plants were the first type of solar 
thermal power plants to generate electric power on a com- 
mercial basis. As early as 1983, the Israeli firm LUZ Inter- 
national Limited closed a contract with the Californian en- 
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ergy supplier Southern California Edison (SCE) to deliver 
power from two parabolic-trough power plants called SEGS 
(Solar Electricity Generating System) I and II. By 1990, all 
together nine power plants had been built at three differ- 
ent locations in the Mojave Desert in California, with an 
overall power output of 354 MWei and more than two mil- 
lion square meters of collector area. In order to be able to 
deliver power reliably during peak use periods, these pow- 
er plants are allowed to supply 25 % of their thermal input 
energy from combustion of natural gas. 

However, since fossil fuel prices did not rise as originally 
expected, but instead fell, it was not possible to build addi- 
tional power plants cost-effectively. The existing solar pow- 
er plants continue in service and feed nearly as much elec- 
trical power into the grid as all the photovoltaic systems 
worldwide, as mentioned above. 

The passage of a power feed-in law in Spain in 2004 has 
rewarded electrical energy produced in solar thermal plants 
and fed into the grid at up to 28 €-cent/kWh. This has led 
to a veritable boom in plant construction. By mid-2011, in 
Spain alone there were plants with 730 MW output power 
in operation and more than 800 MW under construction. 
Worldwide, the corresponding figures are 1200 MW and 
2300 MW. In addition, several GW are in the concrete plan- 
ning stage. The market is currently concentrated in Spain 
and the USA, but additional projects are under construc- 
tion in Algeria, Egypt, Morocco, and the United Arab Emi- 
rates as well as in India, China and Australia. While at first, 
mainly parabolic-trough plants with a power output of 
50 MW were constructed, some of them outfitted with heat- 
storage systems permitting 7 hours of full-power operation 
without sunlight, in the meantime plants of higher output 
power (up to 250 MW) and also using other technologies 
(Eresnel, central tower, dish) have been put into service. 

All the commercial parabolic-trough plants make use of 
a synthetic thermal oil which is heated up to 400° C on pass- 
ing through the collector and then flows through a steam 
generator. 

The collectors have typical apertures of around 6 m. 
A single hydraulic drive moves a collector section up to 
150 m in length around one axis to follow the sun. The ab- 
sorber tube in which the heat-transfer medium flows is 
made of steel and has an optically selective outer coating, 
which absorbs radiation within the solar spectrum effec- 
tively but re-radiates only a small amount of heat and thus 
minimizes heat losses to the environment. To further re- 
duce losses, the absorber tube is surrounded by an evacu- 
ated glass envelope. The mirror segments are made of thick 
glass with a reduced content of iron, which would absorb 
the light and is therefore unwanted. The glass is silvered on 
its rear surface. 

Based on the first three generations of collectors in the 
SEGS plants, various manufacturers worldwide have devel- 
oped the technology towards increased stiffness, improved 
optical precision and simpler mounting. This results in in- 
creased specific earnings of up to 10 % per collector. Eor the 



key components, such as curved glass mir- 
rors and absorber tubing, there are currently 
several active manufacturers who have con- 
tinued to improve their products in terms 
of efficiency and service life. New devel- 
opments aim at apertures of up to 7.50 m. 

Linear Eresnel systems are also commer- 
cially available from several manufacturers 
at present. However, these systems are cur- 
rently limited to the generation of saturated 
steam at temperatures below 300 °C. 

Central Receiver Systems 

Central receiver systems are still in the ear- 
ly phases of commercial operation. Since 
the beginning of the I980’s, around the 
world more than ten smaller demonstration 
plants with central receivers have been put 
into service (see Table I and Eigure Ib). 

Their operation was however terminated af- 
ter the end of the test campaigns, since they 
were too small to be operated cost effec- 
tively. Only since 2007 have the first com- 
mercial plants begun operation, especially 
in Spain. They have made use initially of rel- 
atively moderate steam parameters in order 
to guarantee safe and low-risk operation 
(see Table I). In follow-up projects, it is 
planned to increase the operating tempera- 
tures step by step and thereby to improve 
their efficiencies [8] . 

The electric power was generated by a 
steam turbine in all these test plants. The 
main difference among the various test plants lies in the 
choice of the transfer medium used to transport heat energy 
from the top of the receiver tower to the steam generator. 

It first appeared attractive to use the steam itself as thermal 
transfer medium; this would eliminate the need for inter- 
mediate heat exchangers or steam generators and allow a 
direct connection to the steam turbines. 

However, this concept soon showed two essential faults. 

In the first place, it was not easy to control the generation 
of superheated steam in the receiver under conditions of 
fluctuating solar radiation input, since the pressure and the 
temperature of the steam must be kept nearly constant in 
the turbine circuit. Secondly, with practicable technology 
it was nearly impossible to store heat energy within steam 
without considerable thermodynamic losses. In present-day 
commercial plants, therefore, the use of superheated steam 
has not yet been implemented. Additional projects are how- 
ever underway in the USA and Spain which will eliminate 
this restriction and generate superheated steam. 

In a parallel development, the use of molten sodium as 
heat-transfer medium was tested. After a serious fire at the 
European test site Plataforma Solar de Almeria in southern 
Spain, however, it became apparent that this highly reactive I 31 



FIG. 4 I ABSORBERS 




















Above: Radiation (yellow arrows) 
is incident from the left onto a 
porous structure (red dots), while 
air passes through the structure 
from the left to the right; it takes 
up heat (blue-red arrow). Below: 
The dependence of the tempera- 
tures of the material in the struc- 
ture and of the air as a function of 
the depth z within the structure. 





Direct solar steam 
generation in 
parabolic troughs: 
The water is 
partially vapor- 
ized in the first 
two-thirds of the 
collector line. 

Then the mixture 
of steam and 
water is separated 
and the dry steam 
is further super- 
heated in the last 
third of the line, 
while the hot 
water flows hack 
to the inlet of the 
collectors. 



FIG. 5 I DIRECT STEAM GENERATION 




metal is too dangerous. In the early 1990’s in America, the 
concept of using molten salts as heat transfer medium, 
which originated in France, was further developed and 
demonstrated between 1996 and 1999 at the 10-MW plant 
‘Solar Two’ in Barstow, California. 

Mixtures of potassium and sodium nitrate salts can be 
optimized in terms of their melting points to the parame- 
ters required for steam generation. They offer two advan- 
tages: The relatively low-cost salts have good heat transfer 
properties; and furthermore, they can be stored at low pres- 
sure in tanks for use as a thermal storage medium. This 
makes it unnecessary to exchange heat with an additional 
storage medium. Their disadvantage is their relatively high 
melting points, which, depending on the composition of 
the mixture, lie between 120° C and 240° C. This necessi- 
tates electrical heating of all the piping to avoid freezing out 
of the salts and resulting pipe blockage, for example during 
system start-up. 

On the basis of experience gained with Solar Two, a 
larger successor plant is being constructed in Spain. Gem- 
masolar is expected to attain an output power of 1 5 MWg 
using a mirror area (solar field) increased by a factor of 
three, and its storage reservoir will be able to store sufficient 
energy for 16 hours of electric power generation. 

The third concept makes use of air as heat-transfer medi- 
um. Air has, to be sure, rather poor heat transfer properties, 
but it promises simple manageability, no upper or lower 



limits to the operating temperature, unlimited availability 
and complete lack of toxicity. Air also conjures up the vi- 
sion of being able to operate combined gas and steam tur- 
bines at a high temperature for the first time using solar en- 
ergy; these would make more efficient use of the collected 
solar heat, and thus of the mirror surface area. 

In the first test setups, it was attempted to heat the air 
by irradiating bundles of pipes through which it was passed. 
But only since the development of the so-called volumetric 
receiver has it become possible to adequately compensate 
the poor heat-transfer properties of the air. Such a receiver 
contains a ’porous’ material, for example a meshwork of 
wire, which is penetrated by the concentrated solar radia- 
tion and through which at the same time the air to be heat- 
ed flows (Figure 4). The large internal surface area guaran- 
tees efficient heat transfer. If the air circuit is open and op- 
erates at atmospheric pressure, then such a receiver can 
drive steam turbines. If, on the other hand, the air receiver 
is closed with a transparent radiation window and the air 
is pressurized, then the system can even be used with gas 
turbines. 

Air systems at atmospheric pressure are practically free 
of operating disturbances, and this is the reason why they 
are favored by a European consortium: In 1994, at the 
Plataforma Solar, a 3 MW test system operated without prob- 
lems on the first try. In the meantime, further research con- 
ducted by the DLR within the European Network was able 
to increase the efficiency of individual components and to 
reduce the costs of the receiver and the storage reservoir. 
A first demonstration project with 1.5 MW of electric out- 
put power is currently being set up at Jiilich in Germany, 
and will serve as a technical benchmark for potential man- 
ufacturers. 

Dish-Stirling Systems 

Dish-Stirling systems are at present the least technological- 
ly mature. Companies in the USA and in Germany are cur- 
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OVERVIEW OF CENTRAL RECEIVER SYSTEMS WORLDWIDE 







Project Name 


Country 


Power 

(MWe) 


Heat transfer 
medium 


Heat storage 
medium 


Start of 
Operation 


SSPS 




Spain 


0.5 


Liquid sodium 


Sodium 


1981 


EURELIOS 


Italy 


1 


H 2 O steam 


Nitrate salts/H20 


1981 


SUNSHINE 


Japan 


1 


H 2 O steam 


Nitrate salts/H20 


1981 


Solar One USA 


USA 


10 


H 2 O steam 


Oil/stone 


1982 


CESA-1 




Spain 


1 


H 2 O steam 


Nitrate salts 


1983 


MSEE/Cat B 


USA 


1 


Nitrate salts 


Nitrate salts 


1983 


THEMIS 




France 


2.5 


Hi-tech salts 


Hi-tech salts 


1984 


SPP-5 




Ukraine 


5 


H 2 O steam 


H 2 O steam 


1986 


TSA 




Spain 


1 


Air 


Ceramic reservoir 


1993 


Solar Two 


USA 


10 


Nitrate salts 


Nitrate salts 


1996 


PS 10 




Spain 


11 


Saturated steam 


Steam 


2007 


Solar Tower 


Julich (Germany) 


1.5 


Air 


Ceramic reservoir 


2008 


PS 20 




Spain 


20 


Saturated steam 


Water/Steam 


2009 


Gemmasolar 


Spain 


19.9 


Nitrate salts 


Nitrate salts 


2011 



rently working on four different sys- 
tems worldwide (Figure Ic). The sys- 
tem which is furthest along in its 
development originated in Germany 
and has accumulated several tens of 
thousands of hours of operation. 

Such systems aim at independent 
power generation, not coupled to a 
power grid, for example for providing 
isolated villages with electric power. 
Their principal advantage is a very 
high efficiency of up to 30 %: This is 
provided by the combination of a near- 
ly ideal paraboloid concentrator with 
an excellent heat engine. If the sun is 
not shining, then dish-Stirling systems 
can in principle be operated with fu- 
el combustion, in order to meet the de- 
mand for power. This is a decisive ad- 
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vantage over photovoltaic cells, which aim at a similar mar- 
ket: They, however, require expensive storage batteries for 
energy storage. 

These are good reasons why dish-Stirling systems have 
a favorable market chance in the medium term for inde- 
pendent power generating applications. For this purpose, 
they must be capable of autonomous and very reliable op- 
eration. Subsidized niche markets are, however, only one of 
the possibilities for dish-Stirling systems. A still greater mar- 
ket potential lies in the increasing power requirements of 
developing countries, especially those with a large amount 
of sunlight, poorly established power grids and high costs 
for the import and transport of fossil fuels. 

Aside from the question of technical maturity, the small 
number of units produced represents a hurdle to commer- 
cial marketing of dish-Stirling systems. 

Cost Effectiveness 

In the research and demonstration systems of the 1980’s, 
the costs of power generation were still in the range of 50 
to 100 €-cent/kWh. The SEGS power plants were the first 
to reduce these costs significantly with their commercial 
technology. In the first SEGS plants, they were around 
30 €-ct./kWh; with technical improvements and upgrading, 
they sank to about 20 €-ct./kWh. Today’s solar plants have 
offered prices as low as 14 €-ct./kWh. 

The profitability of a solar thermal power plant naturally 
depends strongly on its location. The available solar ener- 
gy influences the costs per kWh approximately linearly. At 
the SEGS sites in the Mojave Desert in California, annually 
about 2.5 times as much direct solar radiation is available 
as in Germany, and 25 % more even than in Southern Spain. 

If one assumes the same conditions of insolation and 
compares them with good sites for wind power plants, the 
result is that electric power from solar thermal power plants 
is at present about two to three times more expensive than 
power from wind plants and slightly higher than power from 
photovoltaic cells. However, power from solar thermal plants 
can be provided much more flexibly to the grid using low- 
cost thermal energy storage and therefore represents a sig- 
nificantly higher value as grid input [10,13]. In computing 
the costs, one must distinguish between large installations 
with several tens of MWg of electrical output power, and 
small applications which are not connected to the power 
grid. The numbers quoted above hold for large plants and 
still contain considerable potential for cost reduction. 

Solar thermal power plants can store their energy in in- 
termediate thermal storage reservoirs at low cost and sell 
it as needed. They thus represent a fully-fledged replace- 
ment for conventional power plants, however with no CO 2 
emissions. Increasing fuel prices and CO 2 penalties lead us 
to expect a cost increase for new conventional power plants 
of up to 8 to 10 €-ct./kWh - a value which solar thermal 
power plants could attain or even undercut within the next 
10 years [9,10]. It thus appears quite reasonable that the 
marketing of these technologies should be promoted by 



various organizations and agencies. Beyond the use of so- 
lar thermal power plants for the local supply, also the ex- 
port of solar power from the deserts of North Africa to Cen- 
tral Europe is currently being discussed in terms of the 
DESERTEC project (see also chapter “Power from the 
Desert”). 15 % of flexible power from North Africa would 
be sufficient to offset fluctuations from photovoltaic and 
wind power in the European grid by using power from sta- 
ble and flexible solar thermal plants [12]. However, new 
grid connections between Europe and North Africa will be 
necessary for this option. 

Technical Improvements 

A clear-cut cost reduction can be expected from the fol- 
lowing factors: automated mass production of a large quan- 
tity of components; an increase in reliability of the plants; 
and extensive automation of plant operation as well as of 
the cleaning of the collectors. An important contribution is 
also promised by further improvements in the technology 
and innovative concepts for large solar-thermal plants. In 
Germany, these goals are being pursued at the German Aero- 
space Center (DLR) as part of its energy research program, 
together with industrial partners. We will mention briefly 
some of these research activities here. 

An important aspect is increasing the operating tem- 
peratures, which, as explained above, will improve conver- 
sion efficiencies and permit a smaller specific collector area 
to be used. Eor parabolic-trough collectors, the operating 
temperature limit of the thermal oils used must be increased 
to above 400° C. One possibility, which has already been 
tested, is the direct evaporation and superheating of water 
in the collector itself (Eigure 5). Eor this test, a 500 m long 
collector loop was set up at the Plataforma Solar in Almeria. 
Among other things, the regulation behavior and flow prop- 
erties of the water-steam mixture in absorber tubes is in- 
vestigated with this apparatus. More than 10,000 hours of 
test operation have proven the technical feasibility of this 
concept. It should yield a decrease in the power-generating 
costs of around 10 %. A prototype plant with an output ca- 
pacity of 5 MW was put into operation in Thailand in 201 1 . 
The use of molten salts, similar to the concepts described 
above, is also an option for increasing operating tempera- 
tures; this has been demonstrated on the 5 MW scale in 
Italy. Here, a particular challenge is to avoid freezing out of 
the salts in the more than 100 km long piping systems of 
full-sized commercial plants. 

Intensive research is being carried out on central-re- 
ceiver systems with the goal of using pressurized air as the 
heat-transport medium for solar energy, allowing a high in- 
put temperature for driving a gas turbine (Eigure 6a). A de- 
cisive factor is using the right technology to transfer the 
concentrated solar radiation through a glass window into 
the pressure vessel of the receiver (Eigure 6b). Since the di- 
ameter of such heat-resistant quartz glass windows is lim- 
ited by their fabrication process, a number of such modules 
are arranged in a matrix with conical mirrors (secondary 
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(a) Schematic of a solar combi power plant; (b) Layout of a high-temperature receiver module; (c) The conical mirrors of a number of modules can 
together make effective use of the concentrated radiation even with a large focal-spot area. 
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concentrators) in front of their entrance windows. These 
mirrors are shaped so that together, they form a large en- 
trance aperture with practically no gaps (Figure 6c). 

In an experiment at the Plataforma Solar, thus far three 
such modules have been combined and connected to a 
small 250 kW gas turbine. They produce temperatures up 
to 1030° C at a pressure of 15 bar. In early 2003, the tur- 
bine generated electric power for the first time. This rep- 
resented an important milestone on the road to a large-scale 
technical application. It has led an industrial consortium 
to plan a demonstration plant in Spain with an output of 
5 MWg. The researchers expect a reduction of up to 20 % 
in power generating costs from this concept. 

An additional important component which can con- 
tribute to cost reduction is the thermal energy storage reser- 
voir. When a solar thermal power plant is operated on so- 
lar energy alone, the duty cycle of the power generating 
block which it drives is equivalent at a favorable site to an 
annual full-time operation of up to 2,500 hours. This duty 
cycle could be considerably increased if it were possible to 
store the energy from the solar field in a cost-effective man- 
ner. Then, the power plant could be equipped with a sec- 
ond collector field of the same size as the first, whose col- 
lected solar energy would flow into the storage reservoir. 
At times with little or no sunlight, the power generating 
block would then make use of this stored energy. 

This increase in duty cycle would save the cost of in- 
vestment for a second power generating block. The pre- 
condition is of course that the costs of the thermal energy 
storage reservoir are less than the additional cost of a larg- 
er power generating block. From present knowledge, this 
appears to be feasible. Cost-effective thermal energy stor- 
age concepts promise a further reduction in power-gener- 
ating costs, which could again be up to 20 %. 

Such a thermal energy storage reservoir would also have 
additional advantages. With it, power could be generated ac- 
cording to grid requirements, i.e. at peak demand periods. 
The price paid per kWh is then highest. It is also a plus on 
the technical side that the power plant would always op- 



erate under optimal load conditions and could thereby min- 
imize its heating-up and cooling-down losses. 

The development of storage systems was long neglect- 
ed in Europe: initially, the use of fossil fuels for bridging 
over periods with low sunlight was seen as the cheapest al- 
ternative - at least as a first step. However, it has the dis- 
advantage that many subsidy arrangements do not permit 
hybrid operation (for example laws governing the subsi- 
dized feed-in of power to the grid). 

A system currently in use for the parabolic-trough col- 
lectors with operating temperatures up to 400° C will per- 
mit intermediate storage of the heat energy in large tanks 
containing molten salts, which can be heated for interme- 
diate storage by heat exchange with the thermal oil when 
the heat is not all required for steam generation. An alter- 
native concept makes use of large blocks of high-tempera- 
ture concrete as intermediate thermal storage reservoirs. 
With central-receiver systems, depending on the heat-trans- 
fer medium, there are two types of storage reservoirs. One 
type uses tanks containing molten salts; the other, useful 
when high-temperature air is the thermal transfer medium, 
passes the heat from the hot air to piles of small solid par- 
ticles, which allow the air to pass between the particles and 
offer a large surface area, e.g. ceramic balls or quartz sand. 
The use of higher temperatures has a significant impact on 
the cost of storage systems, as they require less volume to 
store the same amount of heat energy. Heat losses from 
large storage reservoirs are very low due to the high volume- 
to-surface ratio, and overall they amount to less than 5 % of 
the annually stored thermal energy. 

The Lowest CO2 Emissions 

Solar thermal power plants are an important intermediate 
link between today’s energy supply based on fossil fuels 
and a future solar energy economy, since they incorporate 
important characteristics of both systems. They have the po- 
tential of supplying the world’s electrical energy require- 
ments several times over from solar fields, and by means of 
simple storage methods, they can potentially deliver pow- 
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er as needed, in contrast to other sustainable energy sources 
such as wind energy 

Solar thermal power plants are also favored by the fact 
that they can reduce CO2 emissions in a particularly effec- 
tive way This becomes clear if one sums up the emissions 
which are due to the fabrication of the components, con- 
struction, operation and decommissioning of the plant via 
life-cycle analyses. Comparing various sustainable energy 
sources in this way, one finds the following balance for the 
specific CO2 emissions per MWh of electrical energy gen- 
erated: For solar thermal power plants, only 12 kg 
C02/MWh are emitted, while hydroelectric power plants 
emit 14 kg, wind-energy plants emit 17 kg, and photovoltaic 
power plants emit up to 110 kg C02/MWh [5,11]. 

Some of the photovoltaic modules are so unfavorable in 
this comparison because their manufacture is very energy- 
intensive and therefore causes a large amount of emissions. 
Advanced concepts require much less semiconductor ma- 
terial and therefore give significantly better emissions val- 
ues. By comparison: Modern gas and steam turbine power 
plants emit 435 kg of C02/MWh, and coal-fired power plants 
as much as 900 kg CO2 per MWh generated. These emis- 
sions are mainly due to the combustion of the fossil fuels. 

For these reasons, different energy scenarios, for exam- 
ple that of the International Energy Agency (lEA) [6] , pre- 
dict that solar thermal power plants will be increasingly in- 
stalled within the earth’s Sun Belt - especially in the USA, 
Africa, India and the Middle East. According to this scenario, 
in some countries, solar thermal plants could contribute a 
significant fraction of the electric power consumed by the 
year 2050, up to 40 %. Furthermore, if a portion of this so- 
lar electrical energy is transmitted to neighboring industri- 
al regions via high-voltage transmission lines, then by 2050, 
up to 10 % of the total power requirements could be pro- 
vided. These estimates indicate that worldwide, by the year 
2025 as much as 200 GW of electrical generating capacity 
from solar-thermal energy could be installed. 

Summary 

Solar thermal power plants collect sunlight and use its ener- 
gy to drive thermal engines for electric power generation. Sys- 
tems with steerable, silvered parabolic troughs which con- 
centrate the solar radiation onto a central absorber tube, 
through which a heat-transfer medium flows, are already in 
commercial operation. In the central-receiver systems, a field 
of movable mirrors focusses the sunlight onto the top of a 
tower; a receiver there passes the heat energy to a thermal 
transfer medium. For small, decentral applications, dish-Stir- 
ling systems are suitable. These are steerable, paraboloid mir- 
ror dishes with a Stirling motor at their focal points. Thermal 
energy storage systems can be integrated and provide a cheap 
option for supplying flexible energy on demand as an added 
value for the power grid. 
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Photovoltaic Energy Conversion 

Solar Cells - an Overview 

BY Roland Wengenmayr 



The market share of photovoltaic power is growing rapidly. 
However, its contribution to the overall generation of electric 
power is still small. Photovoltaic systems are at present a 
mature technology and are long-lived, but they are still too 
expensive. This is however changing, thanks in part to new 
materials and production methods. 

P hotovoltaic energy conversion is convincingly elegant, 
as it transforms the energy of sunlight directly into elec- 
trical energy Since the American inventor Charles Fritts 
fabricated the first selenium cells in 1883 (see Table 1), so- 
lar cells have developed into a technology which is mature 
and reliable from the users’ point of view. At present, sili- 
con technology dominates the production of solar mod- 
ules, with around 90% market share. Alternative materials, 
in particular thin-film technology, are however gaining 
ground. Silicon is the workhorse material in the electron- 
ics industry, and its properties have therefore been thor- 
oughly investigated, while its industrial process technology 
is well established and supplies of raw material are practi- 
cally unlimited. 

Only rather recently have the solar-cell producers 
emerged from their niche in the shadow of the all-power- 



TAB. 1 


HISTORICAL MILESTONES 






Year 


Type of 
Solar Cell 


Efficiency 


Developer 


1883 


selenium (photocell) 


nearly 1 % 


Charles Fritts 


1953/4 


monocrystalline silicon 


4.5-6 % 


Bell Labs. USA 


1957 


monocrystalline silicon 


8% 


Hoffmann Electronics, USA 


1958 


monocrystalline silicon 


9% 


Hoffmann Electronics, USA 


1959 


monocrystalline silicon 


10% 


Hoffmann Electronics, USA 


1960 


monocrystalline silicon 


14% 


Hoffmann Electronics, USA 


1976 


amorphous silicon 


1.1 % 


RCA Laboratories, USA 


1985 


monocrystalline silicon 


20% 


University of New South 
Wales, Australia 


1994 


gallium indium phosphide/ 
gallium arsenide, with 
concentrator 


over 30 % 


National Sustainable Energy 
Lab (NREL), USA 


1996 


photoelectrochemical, 
Gratzel cell 


11.2% 


ETH Lausanne, Switzerland 


2003 


CIS, thin-film cell 


19.2% 


NREL, USA 


2004 


polycrystalline silicon 


20.3% 


Fraunhofer ISE, Freiburg, 
Germany 


2009 


gallium indium phosphide/ 41.1% 

gallium gallium indium arsenide/ 
germanium; tandem cells 


Fraunhofer ISE 



ful chip manufacturers. With an increasing economic lever- 
age, these young companies can bring new technologies to 
the market, which are more suited for photo-voltaic appli- 
cations. The current fabrication methods, in particular, still 
exhibit excessive losses of valuable semiconductor materi- 
al. Wafers of monocrystalline silicon, the preferred materi- 
al up to now, are the starting material for the production of 
solar modules. They are cut out of costly single-crystal 
blocks (“ingots”). With polycrystalline silicon, correspond- 
ing discs containing many small crystals are cut out of sili- 
con blocks consisting of many small crystallites. These 
blocks are either cast from molten silicon in crucibles, or 
else the material in the crucible is melted by induction heat- 
ing using strong electromagnetic fields. 

The step of sawing out the wafers reduces much of the 
starting material to powder, both in the case of monocrys- 
talline and of polycrystalline silicon. In the process, a con- 
siderable amount of energy is wasted, which was invested 
in growing the crystal or in melting the multicrystalline in- 
gots. This worsens the energy balance and increases the 
production costs. Only through new technologies and ma- 
terials, which are presently in various stages of develop- 
ment from research through pilot projects to commercial 
processes, can this fundamental problem of the conven- 
tional photovoltaic industry be eliminated. 

In the production and application of photovoltaic mod- 
ules, Germany, following China and Taiwan, belongs among 
the three leading countries. In spite of growth rates of 
around 30 % per year in Germany, the market, considered 
in absolute terms, is still small. In 2009, the total installed 
photovoltaic power in Germany was 9,785 megawatts of 
peak power (MWp) [1]. These photovoltaic systems gener- 
ated all together 6.6 terawatt hours of electrical energy in 
2009 [1]. This corresponds to just under 1.2 % of the over- 
all electric power consumption in Germany [2]. 

Within the solar industry, by the way, the power of so- 
lar modules is usually defined in terms of watts/peak (Wp), 
or peak power. This corresponds to normalized test condi- 
tions and is used to compare different modules. It howev- 
er does not necessarily represent day-to-day operating con- 
ditions, and also does not indicate the power produced by 
the module when the sunlight is at its strongest. 

Harvest factors are still too low 

Especially when compared to wind and hydroelectric pow- 
er, photovoltaic power conversion is still very much in the 
background, in spite of considerable government subsidies. 
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Fig. T The glass roof of the Stillwell Avenue station on the New York subway in Brooklyn contains the largest thin -film solar- 
cell installation in architectural settings, with a nominal power output of 200 kWp (photo: Schott). 



Owing to the waste of material in the currently-used pro- 
duction processes, it is up to now also inferior to the oth- 
er sustainable energy sources from the ecological point of 
view This can be seen by taking a look at the “harvest fac- 
tor”: It represents the useful energy that a plant generates 
in the course of its lifetime in relation to the energy that 
was required for its construction and installation. 

This mean harvest factor is in the range of 2 to 38 for 
photovoltaic plants, on the average around 10. With a life 
expectancy of 20 to 40 years, the plant will thus have been 
amortized in terms of energy after three years of operation; 
thereafter, it will generate more technically usable electri- 
cal energy than was required for its construction. Wind en- 
ergy, in contrast, yields harvest factors between 10 and 50, 
while large hydroelectric plants, due to their long life cycles, 
have values up to as high as 250. In the case of coal-fired 
power plants, the harvest factor is about 90, and for nuclear 
power plants, it lies between 160 and 240; the energy cost 
of mining, transporting and consuming the fuel is included 
in these figures. 

The energy and materials costs are still high, but are de- 
creasing dramatically due in part to the increasing demand 
for photovoltaic systems. According to the EU Commission, 
the consumer cost of solar modules decreased by nearly half 
between 2007 and 2009. The fall in prices accelerated rel- 
ative to past trends accordingly. In Germany, in addition, the 



cost of solar power, which all power consumers have to 
bear owing to the subsidies for photovoltaic plants through 
the Sustainable Energies Act (EEG), is undergoing massive 
decreases. According to a study released by the Eraunhofer 
Institute for Solar Energy Research (ISE) in Ereiburg, Ger- 
many, the price of electric power from photovoltaic plants 
will fall below that from offshore wind-energy parks as ear- 
ly as 2013 (Eigure 2) [3]. 

In the future, photovoltaic plants can offer enormous 
opportunities. Not only does the threatening climate col- 
lapse provide a weighty argument in favor of strong con- 
tinuing support for research and development of photo- 
voltaic devices; photovoltaic power generation is still a 
young technology as a large-scale energy source, even 
though it has been in use in space vehicles since the 1960’s, 
and it still has strong potential for further development. 

Solar cells can also offer some tangible plus points in 
terms of decentralized energy supplies. Windows or glass 
roofs coated using the new thin-film processes can combine 
electric power production in an elegant manner with the 
necessary light and heat management, especially for large 
buildings (Eigure 1). This development is still in its infancy. 
It is also probable that in view of the increasing global en- 
ergy demand, the price of electric power will continue to 
rise and this will make photovoltaic power generation eco- 
nomically competitive in the future. 



37 






FIG. 2 I EVOLUTION OF POWER COSTS 




Year 



The evolution of power costs and tariffs from the Sustainable Energy Act in Ger- 
many shows that the costs of power from photovoltaic installations are sinking 
dramatically. As of 2013, it will cost the same as power from offshore wind-energy 
plants. From 2014 on, the bonus for power feed-in from photovoltaic installations 
will fail below the average industrial power cost (graphics: Fraunhofer ISE [3]). 

Area-dependent and Area-independent Costs 

The costs of photovoltaic plants are composed of a contri- 
bution which is proportional to the area covered by the so- 
lar modules, and a contribution which is independent of ths 
area. The latter includes for example the expensive power 
inverters, whose price has however decreased markedly in 
recent years through new technical developments. For 
plants which are to be connected to the power grid, the in- 
verter converts the direct current from the solar modules, 
which are in a series circuit, into alternating current. If the 
power inverter is technically faulty or poorly matched to the 
solar modules, it can cause serious power losses and reduce 
the overall efficiency of the plant. In older installations, the 
power inverters were often a weak point. Modern units as 
a rule operate very reliably and, with proper installation, ef- 
ficiently. When purchasing a power inverter, one should 
pay close attention to its conversion efficiency, since over 
the years, each percent lower efficiency accumulates in the 
form of noticeable losses. In 2009, researchers at the Fraun- 
hofer ISE achieved an increase in the efficiency of power 
inverters to 99 % [4] . 

Among the area-dependent costs, besides the installation 
costs, the supporting frames and the cost of the land which 
may be a consideration, the price of the solar modules them- 
selves is a significant factor. For this reason, researchers and 
developers are working steadily to further improve the ef- 
ficiencies and reduce the fabrication costs of the solar mod- 
ules. Progress is however difficult, although there is no lack 
of new concepts and materials combinations. The bottle- 
neck on the way to the market is the industrial processing. 
Production plants are expensive and take some years to be 
amorti 2 ed, and they have to yield modules of reliably high 
38 I quality. Therefore, many producers of solar modules are 




Fig. 3 A FLATCON™ module from Freiburg, with concentrator 
cells (photo: Fraunhofer ISE, Freiburg). 



technically conservative. It requires considerable time be- 
fore innovative processes reach commercial maturity. 

As a result, monocrystalline and polycrystalline silicon 
will continue to dominate the market for some time to 
come, although silicon, as an indirect semiconductor, has no- 
table disadvantages (see the infobox “Compact Fundamen- 
tals of Photovoltaics”on the next page). In 2002, cells made 
from polycrystalline wafers gained a larger market share 
than those made from the more expensive monocrystalline 
starting material for the first time. This represents the first 
material that was developed expressly for the photovoltaics 
industry. In the meantime, more wafers are now being pro- 
duced for the photovoltaic industry than for electronics de- 
vices. 

Since both these starting materials for solar modules 
suffer from a high materials loss during processing, the in- 
dustry has for some time been searching for new methods 
which would avoid sawing the wafers out of a block with 
an inevitable waste of material. These new processes are 
collectively referred to as ribbon silicon or silicon foil. The 
raw material for the modules in this case is pulled directly 
from the silicon melt with the required thickness. Giso 
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Hahn describes these fascinating methods in the following 
chapter. Ribbon silicon has in the meantime captured its 
own small share of the market. 

Modules fabricated from single-crystal silicon have thus 
far yielded the highest efficiencies. The so-called “black sil- 
icon” promises to yield still higher energy yields, since its 
surface captures an extremely large proportion of the inci- 
dent light and hardly reflects any of it. This is achieved by 
a carpet of nano-needles which act like an artificial com- 
pound insect eye. This concept is however still at the stage 
of basic research. Commercial monocrystalline cells convert 
up to 22 % of the incident sunlight into electrical energy. 
Commercial poly-crystalline modules yield at best 17 % ef- 
ficiency; for ribbon silicon or foil, the efficiencies are - de- 
pending on the fabrication method - 14 to 18 %. 

Thin Films for Glass Facades 

A different approach is used in processes in which the ac- 
tive photovoltaic layer is deposited as a very thin film onto 
the substrate material, usually glass. Such films can be made 
for example of cadmium telluride (CdTe) or copper indium 
disulfide (CIS). Both technologies offer the hope of con- 
siderable cost reductions and are treated in the following 
chapters. The efficiencies of commercially-produced cells 
lie in the range of 13 %, while in the laboratory, they attain 
up to 20 %. Wurth Solar in the German city of Schwabisch 
Hall started the first mass production of CIS solar modules 
worldwide in 2003, followed in 2005 by the Berlin firm Sol- 
tecture (previously called Sulfurcell\ see the chapter after 
the next). The production capacity at Wurth has meanwhile 
been increased to 350,000 solar modules per year [5]. This 
Swabian firm even offers them in the form of colorful facade 
claddings. 

A related material is chalcopyrite (CIGS). It is a com- 
pound of copper, selenium and either indium, gallium or alu- 
minum (CuInSc 2 , CuGaSc 2 , or CuAlSe 2 ). The German Cen- 
ter for Solar Energy and Hydrogen Research (ZSW) in Baden- 
Wiirtemberg currently holds the world record for the 
efficiencies of CIGS thin-film solar cells on glass, at 20.3 %. 
The efficiencies of commercially-produced cells are around 
12 %. Swiss researchers recently presented a flexible CIGS 
cell on a plastic foil, which has an efficiency of nearly 19 %. 

Silicon is also suitable for thin-film processing. The 
process consists of growing a thin layer of either micro- 
crystalline or amorphous silicon onto a substrate material. 
Micro-crystalline means, in comparison to polycrystalline, 
that a large number of microscopically small silicon crys- 
tallites make up the layer. In an amorphous solid, in contrast, 
the atoms no longer exhibit a long-range spatial order over 
more than a few atomic radii. Amorphous silicon (a-Si) is en- 
riched in hydrogen during its production process (a-Si:H). 
The hydrogen is able to partially “repair” the many defects 
in the disordered material and thus prevents the efficiency 
of the resulting solar cell from being reduced too drasti- 
cally (see also the infobox “Compact Fundamentals of Pho- 
tovoltaics”). 



Thin-film solar cells made from a-Si:H can be readily fab- 
ricated on relatively large areas of a glass substrate at a mod- 
erate cost. Commercial modules currently have typical ef- 
ficiencies around 8 %, if they are required to be partially 
transparent as a glass coating. Up to 15 % efficiency is pos- 
sible if they have a reflective coating behind the absorber 
layer. Thin-film modules of a-Si have the disadvantage that 
their efficiency at first drops off by 10 to 30 % of its initial 
value, before it stabilizes after a certain period of operation. 
On the other hand, they are much less sensitive to high op- 
erating temperatures than crystalline silicon solar cells. 
These lose about 0.4 % of their efficiency for every degree 
Celsius above their standard operating conditions (see the 
infobox “Determining the Efficiency” on p. 50); the effi- 
ciency loss of a-Si:H is in contrast only 0.1 %/degree. As a 
result, if the efficiency of a crystalline silicon solar cell at 
25 °C is, for example, 18 %, then it is reduced at 50° C to 
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When a photovoltaic cell absorbs a light 
quantum (photon) from sunlight, that 
photon can raise the energy of an 
electron from the bound states (“va- 
lence band”) within the solid. The 
electron leaves an empty “hole” in the 
crystal lattice. This hole can hop from 
atom to atom and thus can - like the 
excited electron - contribute to an 
electric current. However, this works 
only when the electron is excited at 
least into the region of the next higher 
allowed energy levels (the “conduction 
band”). In between, in solids there is an 
energetically forbidden zone. The 
photon must therefore be able to give 
sufficient energy to the electron to 
cross this zone. 

The flow of current within the solar 
cell is reminiscent of the two-story 
Oakland Bay Bridge in San Francisco: on 
the upper story, the “electron traffic” 
flows in one direction, while on the 
lower story, the “’’hole traffic” flows in 
the opposite direction. The cell obtains 
electrical energy from this bidirectional 
flow. However, this can function only 
when the two currents have predeter- 
mined flow directions to the corre- 
sponding electrodes, i.e. when the 
flows are strictly controlled along “one- 
way streets”. This is guaranteed by two 
regions in the cell which act as valves to 
allow the flow only in the desired 
direction: the “p-doped region” lets 
holes pass through in one direction to 
the electrodes, while the “n-doped 
region” passes electrons in the opposite 
direction. The solar cell thus works like 
a rectifier or diode. In fact, it reverses 



the action of a light-emitting diode, in 
that it converts the energy of light 
quanta into electrical energy. 

Important for the fundamentals of 
solar cells is the difference between 
direct and in-direct semiconductors. In 
direct semicon-ductors, such as gallium 
arsenide, the forbid-den energy zone is 
sufficiently narrow that photons from 
sunlight can lift the electrons directly 
across it and into the conduction band. 
Silicon, in contrast, is an indirect 
semicon-ductor. In this case, coupled 
vibrations of the atoms in the crystal 
(phonons) have to help in order to raise 
the electrons into the allowed energy 
region. Silicon is therefore a less 
favorable material for photovoltaic 
appli-cations. Only amorphous thin- 
film silicon is a direct semiconductor. 

The excited electrons and holes must 
also have a long “lifetime”, so that the 
electric current can flow in the cell with 
a minimum of perturbations. Defects in 
the crystal lattice allow some of the 
electrons and holes to “recombine” 
with each other; this is an un-wanted 
side effect which causes them to be lost 
for the production of electrical energy. 
This is also the reason why amorphous 
silicon has not long since attained a 
similar efficiency as crystalline silicon, 
although it is a direct semi-conductor. 

Especially in new, less perfect ma- 
terials such as ribbon silicon, a sophisti- 
cated “defect engineering” is neces- 
sary; this is de-scribed by Giso Hahn in 
the following chapter. A more detailed 
description of the physics of solar cells 
is given for example in [1 3]. 





Fig. 4 This 
photo-electro- 
chemical solar 
cell (dye solar 
cell) from the ETH 
Lausanne has 11 % 
efficiency and a 
high thermal 
stability (photo: 
CH-Forschung). 



15.5 % - these are quite realistic operating conditions. A cell 
made of a-Si:H would lose only one-fourth as much. Mod- 
ules made from crystalline silicon must therefore be effec- 
tively cooled by an airflow. At very hot locations, a-Si:H can 
exhibit a superior energy yield. 

Glass coated with a-Si has a lower efficiency, but for ar- 
chitectural applications, it has very attractive properties. 
The transparent modules can - along with power genera- 
tion - also carry out the central function of active light and 
heat management. The currently largest thin-film solar in- 
stallation based on a-Si is integrated into the roof of the Still- 
well Avenue subway terminal in Brooklyn, New York. With 
a module area of about 7,000 m^, this large New York sub- 
way station produces a maximum power of 210 kWp (Fig- 
ure 1). 



Highest Power Outputs 

The attempt to increase the efficiencies of single-crystal sil- 
icon runs up against a theoretical limit of 28 % under stan- 
dard conditions (cf. the following chapter). Another semi- 
conductor material, gallium arsenide, permits a further in- 
crease, since it is a direct semiconductor (see the infobox 
“Compact Fundamentals of Photovoltaics”). Gallium ar- 
senide is therefore often used in optoelectronics. It has, 
however, the disadvantage of being an expensive material. 
It also cannot be structured as readily as silicon using stan- 
dard semiconductor techniques. 

Even with gallium arsenide, efficiencies above 30 % can 
be obtained only if the solar cells are fabricated with a com- 
plex structure. An example is the tandem cell. Using a cell 
of this type, which has an especially high efficiency, re- 
searchers from the Fraunhofer Institute for Solar Energy 
Systems (ISE) in Ereiburg recently attained a world-record 
40 I efficiency of 4 1. 1 %. Such cells combine different direct 



semiconductor materials (see the infobox “Compact Eun- 
damentals of Photovoltaics”) in layers, each of which is op- 
timi 2 ed for one of three different spectral regions of the sun- 
light, and they therefore make use of the energy of the light 
much more effectively than conventional cells. 

The layers consist of the materials gallium-indium 
phosphide and gallium-indium arsenide on a substrate of 
gallium arsenide or germanium. The problem is that the 
crystal structures of these different materials do not 
match; during layer growth, mechanical stresses and crys- 
tal defects are produced, and these decrease the obtainable 
efficiency of the cell. The Eraunhofer researchers were 
able to solve this problem: Their cell “channels” the un- 
avoidable stresses into a region where no light is absorbed, 
so that they do not disturb the operation of the cell. More- 
over, the Ereiburg cell achieved its record efficiency only 
with the aid of a lens above the cell, which focuses the 
sunlight onto the cell like a magnifying glass, and con- 
centrates it there by a factor of 454. Only with the aid of 
this light concentration can these complex cells make op- 
timal use of the light. This is the only way to make the spe- 
cific-area price of the expensive cells competitive with 
conventional cells. The firm Concentrix Solar, a start-up 
from the Eraunhofer ISE in Ereiburg, is for example already 
marketing concentrator cells for use in power-producing 
installations (Eig. 3). 

Concentrator cells however require direct sunlight; 
therefore, they are usable only within the Sun Belt of the 
Earth. In Spain, Africa, Australia or the USA, they may one 
day even be cheaper than conventional cells, although they 
will require a tracking device to keep them pointed at the 
sun. 

But even with conventional modules, a more adroit uti- 
lization of the light can permit increases in efficiency. Bifa- 
cial, or “two-faced” solar cells are for example transparent 
on their back sides at those places where they have no con- 
tacts. They can thus make use of light which falls onto the 
back side - e.g. via a mirror. Practically market-ready bifa- 
cial cells have already demonstrated an increase of their 
original efficiencies by up to one-fifth, and laboratory mod- 
els have shown increases of more than fifty percent . 

Organic, Polymer, Dye and Biological 
Solar Cells 

Not only “hard” semiconductor materials can convert sun- 
light into electric power. Organic molecules in principle al- 
so have this property - mainly organic dyes. Some long- 
chain polymeric materials also behave as semiconductors 
and are in principle suitable for the fabrication of solar mod- 
ules. 

Such organic and polymeric solar cells are still at the 
stage of basic research. They are interesting as alternatives 
to conventional semiconductor materials because they have 
several attractive properties. Eor example, it is already clear 
that they would allow the production of cheap solar mod- 
ules and would consume a comparatively small amount of 
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energy during production. In contrast to the “hard” semi- 
conductor materials such as silicon, they require no high 
temperatures for melting. In addition, their production can 
be made very environmentally friendly. In particular, how- 
ever, they open up completely new possibilities, since they 
are light and flexible. For example, they could be integrat- 
ed as colored solar cells into clothing, or used in architec- 
tural structures. Recently, researchers at the Massachusetts 
Institute of Technology in Cambridge, MA demonstrated 
that organic solar cells can even be evaporated onto a pa- 
per substrate - the first step towards solar wallpaper [6] . 

However, at present the organic and polymeric solar 
cells still have low efficiencies; in the laboratory, a special 
nanostructured material attained an efficiency of over 10 % 
for the first time [7] . Without such tricks, the best obtain- 
able efficiencies lie in the range of 10-11 % [8]. The great- 
est problem for plastic solar cells is that they age rapidly un- 
der UV irradiation. Furthermore, their molecular lattices al- 
low smaller molecules to pass through: Water and oxygen 
which penetrate the layers cause a rapid decrease in effi- 
ciency. Several smaller firms intend to introduce organic 
solar cells onto the commercial market, among them Heli- 
atek in Dresden [8] . 

A further possibility for converting sunlight into electric 
power is offered by the photo-electrochemical cell, also 
known as the Grat 2 el cell. Michael Grat 2 el’s group at the 
ETH Lausanne in Swit2crland developed them in the early 
1990’s. They are also known under the term ‘dye solar cells’ 
or solar modules. Like a battery or an accumulator, these 
electrochemical cells contain an electrolyte, at present usu- 
ally in the form of a gel, which is no longer liquid, as well 
as two electrodes. The electrolyte contains an organic dye 
whose molecules trap photons from sunlight and set elec- 
trons free as a result. In combination with the electrodes, 
the cell can then produce electric power. 

The Lausanne group increased the efficiency of their 
cells in the course of the 1990’s up to around 11 %. Cur- 
rently-produced cells also exhibit a high degree of thermal 
stability, which is important for their practical application. 
In a long-term trial of 1,000 hours at 80° C, the Lausanne 
cells lost only 6 % of their original efficiency [9] (Figure 4). 

The researchers at the Fraunhofer ISE are proceeding in 
a different direction. They have developed a special 
silkscreen printing process which allows them to make the 
area of dye modules especially large. The challenge here is 
to guarantee an effective long-term encapsulation of the 
electrolyte. Currently, they have demonstrated the devel- 
opment of a module 60 x 100 cm in area (Figure 5). Its ef- 
ficiency could be increased to over 7 % [10]. 

The work of the Lausanne group shows that dye solar 
modules can be developed to provide serious competition 
for conventional solar cells in the area of large-scale power 
generation. A future development could be a variant of the 
Grat 2 el cell which employs a chlorophyll-like molecule to 
carry out artificial photosynthesis, mimicking the plant 
world. 




Fig. 5 The first large-area dye solar module, with dimensions of 60 x 700 cm, from 
the Freiburg institute for Solar Energy Systems, made by silk-screen printing on 
glass using a special technology (photo: Fraunhofer ISE). 



Physicists at the Technical University in Ilmenau, Ger- 
many, for example are carrying out research on such “bio- 
logical solar cells”. They can in particular have high effi- 
ciencies when the sunlight is weak, and could thus make 
more effective use of daylight under a variety of conditions. 

However, it will take some years of work before such cells 
are ready to be commercially produced and take over a 
share of the photovoltaic market. In the near term, organ- 
ic, polymer and dye solar cells will remain exotic alterna- 
tives which still require considerable research and devel- 
opment before they are ready for large-scale application. 

Suggestions for Planning a Solar Installation 

In the planning of a photovoltaic installation, some practi- 
cal questions have high priority. They include the annual in- 
solation at the location of the installation, the optimal 
arrangement of the installation and its components, and 
questions of financing and availability of possible subsidies. 

Whoever wants to invest in a small installation for the roof 
must think in longer terms. Especially in the case of small 
installations, it can take more than 10 years for the installa- 
tion to be amorti 2 ed. This is strongly dependent on the re- 
gion and the precise location of the installation. A decisive 
factor for an installation in Germany is also the rate of sub- 
sidies provided by the Sustainable Energy Act. According to 
its latest amendment, the subsidies were decreased in all cas- 
es of small rooftop installations by 9 % per year. In addition, 
there are supplements - or deductions - which depend on 
the currently-installed nominal power output of the instal- 
lation [11]. They are intended to prevent cost explosions 
for consumers of electric power. 

In Southern Germany and Swit2erland (Mittelland), a 
well-planned and correctly installed setup with 1 kW peak 
power, corresponding to around 8 m^ of module area, will I 41 




provide an annual electrical energy yield of 900-1100 kWh. 
Further north, the yield will decrease. However, a study car- 
ried out in Freiburg, Germany, showed that in many cases, 
incorrect installation prevented obtaining the optimal yield 
[12] . Often, the modules are not correctly pointed to receive 
maximum sunlight, or are even in shadow some of the time, 
e.g. because of trees. 

If the estimated yield provided by the producer of the 
installation is felt to be untrustworthy, an independent en- 
gineering opinion can be obtained. The TUV (Technical 
Monitoring Agency) in Hessia for example offers such a ser- 
vice, with measurements at the planned location, on a cost 
basis. 

A source of problems which is more difficult to pin 
down is technical errors in the fabrication of the modules. 
Some of the solar modules investigated produced less than 
their nominal power, or the power inverter was not opti- 
mi2ed for the modules used or was even itself defective. 

Whoever plans to operate such an installation should 
therefore pay attention to these possible problems. In the 
case of a newly-built house with a rooftop solar installation, 
the architect and the contractor for the solar installation 
should plan it together from the outset in order to obtain 
optimal results. 

An important topic is also fire protection. Fire depart- 
ments are increasingly demanding that in case of a fire, they 
must be able to shut down the photovoltaic installation 
rapidly in order to protect themselves. The best solution to 
this problem is the installation of an easily-recognizable “fire- 
men’s switch” near the entrance to the property. 




Solar-cell research worldwide: 

Many research groups are active in the field of photovoltaics in universities 
and research institutions around the world, so this is only a very brief selection 

www.nrel.gov/solar 

sfc.mit.edu 

photonics.stanford.edu/research/working-groups/solar-cell 

cleantechnica.com (US portal) 

sun.anu.edu.au 

www.aist.go.jp/aist_e/aist_laboratories/4environment/index.html 

Solar-cell research in Germany (selection) 

www.fvee.de 

www.ise.fraunhofer.de/en?set_language=en 

www.fz-juelich.de/portal/EN/Research/EnergyEnvironment/_node.html 

www.helmholtz-berlin.de/forschung/enma/index_en.html 

www.isfh.de/?dm=1 &_l=1 

www.iset.uni-kassel.de 

www.uni-konstanz.de/photovoltaics 

International studies on the long-term behavior of photovoltaic installations 

www.iea-pvps-task2.org 



Summary 

The market share of photovoltaic power generation is grow- 
ing rapidly. But in absolute terms, its contribution to provid- 
ing electrical energy is still very limited. The advantage of a 
long lifetime for a photovoltaic installation is offset by its high 
initial investment costs. An increasing market share, new ma- 
terials, and new technologies, e.g. thin-film solar cells, will 
however lower those costs in the future. It is important for 
optimal performance to plan and implement the installation 
correctly. 
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New Materials for Photovoltaic Energy Conversion 

Solar Cells from Ribbon Silicon 

BY Giso Hahn 



The solar-cell market is booming. But photovoltaic cells are 
still too expensive to be able to compete effectively with con- 
ventional power generation. A notable cost reduction can be 
achieved if ribbon silicon is used instead of the usual silicon 
wafers, which are sawed from massive blocks of silicon. 



T he term photovoltaic energy, derived from the Greek, 
can be translated descriptively as “electrical energy 
from light”. In the year 2003, the solar cell, which is at the 
heart of every photovoltaic module, celebrated its 50* birth- 
day There are many reasons for the increasing success of 
solar power. Although in the beginning, satellites were the 
main users of solar modules as an independent source of 
electric power, photovoltaic energy soon came down to 
earth. In terrestrial applications, a number of advantages 
play a role: For one thing, photovoltaic (PV) power permits 
a sustainable energy supply within closed systems, and thus 
provides freedom from the limited supplies of fossil fuels 
and their negative effects on the environment. A second ad- 
vantage is the possibility of a decentrali 2 ed energy supply 
for isolated sites with no connection to the power grid, e.g. 
for mountain cabins, traffic signs or settlements far from 
power lines. Not least, the modular character of photo- 




A bank of furnaces from which silicon ribbons are being pulled from the melt in the 
form of hollow, octagonal columns up to 5 meters high, using the EFC process 

(photo: Schott Solar GmbH). 



voltaic systems is an important reason for the optimistic 
prognosis regarding the future development of this form of 
energy conversion. 

However, the relatively high energy production costs of 
power generated by photo-voltaic modules has so far put 
the brakes on the growth of this technology for earthbound 
applications. While conventional base-load power plants 
can generate power today at prices between 1.5 and 3 €- 
cent/kWh, and peak-load gas turbine plants cost between 
8 and 1 1 €-cent/kWh, the generating costs for photovolta- 
ic power are currently much higher. In Germany, the 
“100,000 Roofs Programme” and the “Renewable Energies 
Act” (EEG) have given photovoltaic power generation a 
strong boost since 1999: The EEG subsidizes the feed-in of 
PV power into the power grid at up to 20 €-cent/kWh for 
up to twenty years with installations put in service by the 
summer of 2011. The subsidies are lower for installations 
put in service in later years. If research and industry suc- 
ceed in making effective use of the existing potential for sav- 
ings in the production of photovoltaic solar modules, they 
may - thanks to these subsidies and the positive effects of 
mass production - obtain a further substantial cost reduc- 
tion that would make photovoltaics economically com- 
petetitive with conventional power generation even with- 
out subventions. While the price of photovoltaic-generated 
power is essentially determined by the level of subsidies, 
the true costs (not including the profits of the manufactur- 
ing companies) are lower. 

The State of the Art 

The annual growth rates of installed electric power gener- 
ated by photovoltaic systems in the past few years were 
around 30-60 %. The leading nation in sales of photovolta- 
ic modules is currently China, ahead of Taiwan, Japan and 
Germany (see Pig. 1). In the year 2011, new solar cells with 
a power output of over 37,000 MW were fabricated world- 
wide. By comparison, a nuclear power plant has an output 
power of 1,000-1,500 MW. Since photovoltaic installations 
generate power only when the sun is shining, a realistic 
comparison of the energy produced by the two technolo- 
gies within a given year must take a conversion factor into 
account. If growth rates continue at the same level, it will 
thus take some time yet until solar power contributes a sub- 
stantial portion -5 to 10 % - of the total worldwide installed 
electric power generating capacity. In Germany, today al- 
ready about 4 % of the overall electric power requirements 
are provided by photovoltaics. To accelerate this growth, it 
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The production 
of photovoltaic 
modules by 
regions (left) and 
in terms of the 
various technolo- 
gies which are 
currently eco- 
nomically rele- 
vant (right) [J]. 

A shift from 
single-crystal Si 
towards poly- 
crystalline Si can 
be clearly seen. 



is necessary to press on with research into various con- 
cepts that promise to reduce the cost of solar power as far 
as possible. The benchmark is the specific generation cost 
of one watt of PV power under standard conditions of so- 
lar radiation (see infobox “Determining the Efficiency”, p. 
50); this so called watt-peak cost (Wp cost) has to be re- 
duced. 

The first solar cells were fabricated from single crystals 
of semiconductor materials of the same quality as those 
used in the production of integrated-circuit electronic de- 
vices. An important factor in determining the suitability of 
a semiconductor material for photovoltaic applications is 
the size of its band-gap energy (see infobox “Solar Cells 
from Crystalline Silicon”, p. 48). Gallium arsenide (GaAs) is 
very suitable, since its band-gap energy of 1.42 eV is per- 
fectly adapted to the solar spectrum. The band gap of sili- 
con (Si), however, is only 1 . 1 2 ey and is therefore somewhat 
too small. On the other hand, silicon can be produced with 
the required purity at a much lower cost. Solar power from 
silicon cells profits here from the years of experience with 
Si gained in the microelectronics industry. Furthermore, the 
waste products from the semiconductor industry in the 
past represented an important source of raw material, since 
the purity requirements for the fabrication of solar cells are 
somewhat less stringent than those for microelectronics. 
For these reasons, GaAs has been used primarily in space 
applications, where a high efficiency is decisive and pro- 
duction costs are less important. In terrestrial applications, 
in contrast, reduction of the Wp cost has been the main 
goal from the very beginning. For some time now, howev- 
er, the demand for Si material by the photovoltaics indus- 
try has exceeded that of the microelectronics industry, so 
that in the meantime, the former has built up its own source 
of silicon supply. 

For these reasons, single-crystal silicon (mono-Si) dom- 
inated photovoltaic appli-cations during the 1970s and 
1980s. Poly- or multicrystalline silicon (poly-Si) later pro- 
vided further cost savings. These have to be balanced 
against the lower conversion efficiencies of cells made from 
poly-Si, due to crystal defects such as grain boundaries be- 



tween the individual crystallites, dislocations in the crystal 
lattice, and its higher impurity concentration as compared 
to mono-Si. The cheaper starting material however more 
than outweighs the loss in efficiency. Under suitable process 
conditions, the Wp costs of poly-Si can be markedly lower 
than those of mono-Si. As a result, poly-Si has in recent years 
displaced mono-Si from its predominant position and is now 
the leader, providing 57 % of annual installed power [1]. 

A common feature of both materials is that the flat discs 
(“wafers”) needed for the production of solar cells are as a 
rule cut out of massive Si blocks (“ingots”). The ingot is 
first cast; for this process, 
the highly pure (and there- 
fore expensive) silicon 
starting material has to be 
melted (melting point 
1414°C) and then allowed 
to solidify under a well-de- 
fined temperature gradi- 
ent. For an ingot weighing 
several hundred kg, this 

takes two to three days. Cutting the individual wafers out 
of the ingot is accomplished with wire saws, which use 
wires several kilometers in length and around 1 20 pm in di- 
ameter. The square wafers in final form are 180 to 200 pm 
thick and typically 156 mm on a side. Between 50 and 60 % 
of the starting material is lost in the course of fabricating 
wafers from the ingots; the major portion of this is literally 
pulverized in the process of sawing out the wafers! This in- 
creases the fraction of the production cost of a solar mod- 
ule due to wafer costs by 33 % [2] (see Fig. 2). 



String ribbon silicon 

evergreensolar.com/en/about/index.html 

Data on photovoltaic energy production 

en.wikipedia.org/wiki/photovoltaic 



Thin-Film Solar Cells 

For the reasons described above, there has for some time 
been a search for alternatives to crystalline silicon (c-Si), 
which is utilized in such a wasteful manner. One alternative 
is amorphous silicon (a-Si); in contrast to c-Si, it is a direct 
semiconductor. Direct semi-conductors absorb light much 
more effectively than indirect semiconductors; therefore, 
the active photovoltaic layer can be made much thinner. In I 45 





FIG. 2 I MODULE PRODUCTION COSTS 




The cost distribution for solar modules. Left: poly-Si wafers sawed from ingots [2]. 
Right: Wafers of ribbon silicon with the same efficiency. 



thin-film solar cells, this layer is only a few microns thick and 
contains only about one percent as much material as in the 
active layer of c-Si wafers. However, solar cells made from 
a-Si have the disadvantage that their conversion efficiencies 
degrade during their first thousand hours of operation. 
Their efficiency thereafter remains stable, but it is signifi- 
cantly lower than that of c-Si solar cells. This has a negative 
effect on the Wp costs, since they include other factors be- 
sides the production costs of the solar cells; these are area 
dependent and scale with the efficiency - for example the 
module costs, cost of the supporting frames, as well as di- 
rect costs for obtaining the site where the modules are to 
be set up. For these reasons, a-Si is applied successfully 
mainly for devices with low power-output requirements, 
e.g. for pocket calculators or watches, where the low pro- 
duction cost is important. 

Other materials which are currently the subject of in- 
tensive research as absorbers for thin-film solar cells, and are 
already in production, include cadmium telluride (CdTe) 
and copper indium diselenide (CIS; see the following chap- 
ters). Although both materials have exhibited high effi- 
ciencies in laboratory experiments, the module efficiencies 
in industrial production are still notably lower than those 
of c-Si. Many people also consider the use of toxic materi- 



FIG. 3 I TYPES OF RIBBON SILICON 




The meniscus at the solid-liquid boundary is used to classify the preparation 
method for silicon ribbon [3]. Mi : pulling direction vertical, capillary forces push 
liquid Si up through a mold, after which it solidifies. Mz: pulling direction vertical, 
the ribbon is pulled from a broad base at the surface of the Si melt. Ms : pulling 
direction horizontal, the phase boundary extends over a large area. 



als such as cadmium to be problematic, even though it is 
safely encapsulated in the solar modules. CdTe solar mod- 
ules can currently be produced at a lower cost than mod- 
ules using crystalline silicon, and have therefore captured a 
significant market share in spite of their lower efficiency. 

Although intensive research has been carried out in the 
area of thin-film solar cells, the market share of photovoltaic 
modules based on c-Si has not changed significantly in the 
past few years (Figure 1). A further reason for this is the ten- 
dency of industrial producers to bank on an established 
technology in order to minimi2e risks. It is much simpler 
and more cost- effective for established producers to enlarge 
their existing production capacity than to introduce a com- 
pletely new process technology. It is thus clear that crys- 
talline silicon will continue to make by far the largest con- 
tribution to photovoltaic power generation throughout the 
coming decade. 

Ribbon Silicon 

A major portion of the costs of the current c-Si photovoltaic 
technology are due to the wasteful usage of expensive high- 
purity silicon. One possibility for reducing wafer costs con- 
sists of simply using thinner and therefore more readily 
breakable wafers. In principle, it is already possible to re- 
duce the wafer thickness to 150 pm and thus to obtain 
more wafers from a cast ingot and reduce the cost per 
wafer, if the efficiency and the production yield (breakage) 
remain constant. This is however currently not the case. 
Furthermore, more ‘sawdust’ would be produced, so that the 
percentage of wasted silicon would increase. 

Another, more elegant method is offered by the use of 
ribbon silicon. Silicon ribbons are crystalline wafers which 
are pulled directly from the melt with the required thick- 
ness of about 200 pm. Ribbon silicon wafers have the great 
advantage as compared to wafers cut from ingots that al- 
most all of the material in the silicon melt can be used to 
produce the crystalline wafers. The lack of waste ‘sawdust’ 
gives a significant reduction in the fraction of wafer costs 
within the overall cost of the modules. In addition, a sec- 
ond cost factor in the conventional process can be elimi- 
nated completely, namely the crystallization of the silicon 
ingots. With the condition that the efficiency of the cells 
made from ribbon-silicon wafers be just as high as that of 
cells made from wafers sawed out of ingots, up to 22 % of 
the module costs can be saved by using ribbon-silicon 
wafers (see Fig. 2). This would be the case for so-called 
RGS silicon, which we will describe below. 

Another important factor is the superior usage of sili- 
con. In the past, the photovoltaic industry was able to fill 
its needs by using the excess production of silicon for mi- 
cro-electronics. The strong growth of photovoltaics in re- 
cent times has, however, had the result that solar-power ap- 
plications now use notably more silicon than the integrat- 
ed-circuit producers. Conserving silicon material is thus an 
additional advantage in the use of silicon ribbon, if one is 
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concerned about maintaining the high growth rates of the 
photovoltaic industry. 

Over the years, many different production technologies 
for ribbon silicon have been tried out. These technologies 
can be reasonably classified in terms of the meniscus 
formed by the Si melt at the phase boundary between the 
liquid and the solid phase (see Fig. 3). In the case of menis- 
cus type M \ , the base area of the meniscus is defined by a 
mold into which the liquid Si climbs up above the sur- 
rounding surface due to capillary action. The wafer is pulled 
upwards out of the melt, at a pulling rate of around 1 to 
2 cm/min; this is the main factor determining the thickness 
of the wafer. The heat of crystallization is carried off main- 
ly by radiation, while convection hardly plays a role. There- 
fore, the rate of crystallization is relatively low and this, in 
turn, limits the pulling rates. During the pulling, the tem- 
perature gradient at the liquid-solid boundary must be con- 
trolled to within 1° C, i.e. with a very high precision from 
the technological point of view. This technique was com- 
mercialized as early as 1994 under the name ‘Edge-defined 
Film-fed Growth’ (EFG) and was being 
further developed up to 2009 by the 
Wacker Schott Solar GmbH company 
in Alzenau (Franconia) [4] . The silicon 
is pulled from the melt in the form of 
5 m long tubes. A graphite mold gives 
it an octagonal shape with very thin 
walls. This closed shape avoids free 
edges which would have to be stabi- 
lized. A laser then cuts the 12.5 cm 
wide faces of the octagon into square or 
rectangular wafers. 

The meniscus shape of type M 2 has 
a broader base than type M \ . It results 
when the wafer is pulled vertically up- 
wards directly out of the melt. Owing to 
the longer meniscus, this type of silicon 
ribbon preparation can tolerate a 
greater fluctuation in the temperature 
gradient at the liquid-solid phase bound- 
ary, of around 10°C, which permits the 
use of more compact and less expen- 
sive processing equipment. An example 
of this type is the string-ribbon silicon 
developed by Evergreen Solar Inc. and 
commercialized since 2001. In this 
process, two fibers (‘strings’) made of a 
material which is kept secret by the pro- 
ducer are passed through the Si melt 
and pulled parallel and vertically up- 
wards from the liquid surface (see in- 
fobox ‘Internet’ on p. 45). This process 
makes use of the fact that silicon has a 
high surface tension, even greater than 
that of mercury. Thus a silicon film 
stretches between the two strings. 





which are about 8 cm apart, like a 
soap-bubble film, and it solidifies to 
give a ribbon. A laser then cuts this 
ribbon into wafers of the desired size. 

In this likewise vertical pulling 
method, the pulling velocity is limited 
for the same physical reasons as in the 
EFG process to 1-2 cm/min. 

Considerably higher pulling ve- 
locities are possible if the wafer is 
pulled horizontally instead of vertical- 
ly from the melt. This is done using 
the extended meniscus shape of type 
Mt, . For horizontal pulling, a substrate 
can be used on which the silicon so- 
lidifies. This is e.g. the case in the Ribbon Growth on Sub- 
strate (RGS) silicon process. This method was originated by 
Bayer AG, and is still in the developmental stage. A belt car- 
rying substrate plates moves under the crucible containing 
the silicon melt. The silicon is deposited onto the plates. As 
soon as the wafers have crystallized, 
they detach themselves from the sub- 
strate due to the difference in thermal 
expansion coefficients, so that the sub- 
strate plates are again freed up for the 
next pass. This process is distinguished 
by rapid heat dissipation through the 
substrate plates. Furthermore, the di- 
rection of crystallization is decoupled 
from the horizontal pulling direction; it 
runs up vertically from the cooler face 
of the substrate to the upper surface of 
the wafers. Both these effects permit 
high pulling velocities up to 10 cm/s, 
i.e. a 30- to 60-fold higher throughput 
than in the vertical methods. This enor- 
mously reduces the cost of wafer pro- 
duction. 

Crystal Defects and Defect 
Engineering 

All of the types of ribbon-silicon wafers 
discussed here solidify in the form of 
polycrystalline silicon. Their particular 
process conditions lead to different 
types of lattice defects. We mention 
some typical kinds of defects using the 
examples of the three materials listed 
above: EFG silicon, string-ribbon silicon, 
and RGS silicon. 



In the EFC process, the silicon ribbon is 
puiied out of the silicon melt in the form 
of hollow, octagonal columns up to over 
5 meters high, whose wails are only about 
300 pm thick (photo: Schott Solar GmbH). 



The octagonal 
tubes obtained 
from the EFC 
process are first 
cut into sections. 
Their faces are 
then cut into 
square wafers 
15.6 cm wide 
(graphics: Schott 
Solar GmbH). 
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Above: Energy-band diagram. Below: The structure of a silicon solar cell, 
schematic; Ag denotes the silver front electrode, Al the aluminum rear 
electrode on the backside of the wafer. 



A solar cell makes use of the internal 
photoelectric effect, in which incident 
photons remove electrons from their 
atomic bound states. In a semicon- 
ducting material, the photon must 
have at least the energy hv^ which is 
sufficient to excite an electron out of 
the valence band (VB) over the band 
gap (of energy Eq) into the conduction 
band CB (upper part of the figure). In 
this process, an electron-hole pair is 
formed. 

Photons with an energy E = hv 2 > Eq 
excite electrons into states in the 
conduction band above the lower 
band edge. These then give up energy 
through collision processes until they 
have dropped back down to the band 
edge. The excess energy E-Eq\s thus 
lost in the form of heat. The required 
minimum energy Eq and the loss of 
excess energy reduce the maximum 
attainable efficiency of a solar cell 
made from crystalline silicon to about 
43 %. Further loss mechanisms de- 
crease the theoretically achievable 
efficiency down to 28 %. 

The p-n junction in the solar cell 
produces an electric field (the ‘built-in 
field’, £ in the lower part of the figure). 
Mobile charge carriers are accelerated 
by this field in different directions 
depending on the sign of their charge. 
This gives rise to charge separation, so 



that a voltage appears between the 
emitter and the base electrodes. If the 
external circuit is completed through a 
power-consuming device, the electric 
power P can be extracted from the 
solar cell. 

In the currently most common type 
of solar cells fabricated from c-Si, the 
absorber material must be sufficiently 
thick so that the photons are absorbed 
as completely as possible by the indirect 
silicon semiconductor. The absorption is 
stronger for light of short wavelengths 
(blue) than for light of long wavelengths 
(red). In order to use the long-wave- 
length part of the solar spectrum, and 
also for reasons of stability, such 
conventional solar cells are normally 
made about 1 80-200 pm thick. The 
charge carriers have to diffuse from the 
site where they are generated to the p-n 
junction in order to contribute to the 
current output of the cell. The diffusion 
length tdiff is the distance which the 
charge carriers can travel before they 
recombine, tdiff is related to the diffu- 
sion constant D and the lifetime t of the 
charge carriers by the formula 

tdiff = VDt . 

In a high-quality solar cell, the charge 
carriers should have long lifetimes and 
thus a long diffusion length. 



EFG and string-ribbon wafers contain long crystallites 
of a few cm^ in area, oriented along the pulling direction, 
after their production; these are subdivided to some extent 
through twinning grain boundaries. The dislocation densi- 
ty in the different crystallites varies widely, leading to a very 
inhomogeneous material quality in the wafers. The main 
contaminant is carbon, with a concentration up to more 
than 10^^ per cm^; it is thus considerably higher than in 
wafers which are sawed from Si ingots. Furthermore, metal- 
lic impurities may also reduce the wafer quality, however 
at much lower concentrations. 

In the RGS wafers, in contrast, the much higher pulling 
rates lead to crystallite si 2 es of less than a millimeter. The 
dislocation densities, defined as the length of dislocations 
per unit volume, range up to 10^ per cm^. By comparison, 
the wafers used in the microelectronics industry are dislo- 
cation-free! The main portion of the impurities consists 
again of carbon, and at somewhat lower concentration, of 
oxygen. 

Impurities and other crystal defects such as dislocations 
and grain boundaries have a decisive drawback: Because 
they disturb the translational symmetry of the perfect crys- 
tal, they reduce the lifetime of the charge carriers (Figure 
4). The defects can form allowed energy levels within the 
band gap. These ‘stepladders’ permit an electron which has 
been excited into the conduction band by a photon to fall 
back down into the valence band and recombine. It is then 
lost for further charge transport. The goal is therefore to re- 
move these defect states as far as possible during the fab- 
rication of the solar cells. This increases the charge-carrier 
lifetimes and improves the quality of the finished solar cell. 
A longer charge-carrier lifetime for example increases the 
amount of current which the cell can deliver. More charge 
carriers reach the p-n junction and can be separated there 
by its electric field before they can recombine. 

One strategy consists of removing defects, for example 
metallic impurity atoms, during the processing of the solar 
cells. This ‘gettering’ makes use of the fact that metals have 
lower solubilities in silicon than for example in aluminum. 
Aluminum comes into play in any case, as the rear contact 
of crystalline silicon solar cells: In their industrial produc- 
tion, the back side of the wafers is usually covered with an 
aluminum-containing paste. This is then burned into the 
wafer at a temperature of 800-900° C, forming the rear elec- 
trode. At these temperatures, most metal atoms are mobile 
in silicon; their higher solubilities in aluminum then cause 
an automatic purification of the silicon wafer, driven by the 
concentration gradient for diffusion. The metal atoms cause 
no problems in the aluminum layer, while the lifetime of the 
electrons in the purified, active silicon layer is lengthened. 
It is particularly attractive for the producers that this get- 
tering does not require an additional process step, since 
electrode formation is already part of the production 
process of solar cells. 

Of even greater importance for all types of solar cells 
made from poly-Si is the use of hydrogen. Atomic hydrogen 
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can bind to defects such as dangling bonds in the crystalline 
Si lattice, which would otherwise give rise to impurity states 
within the band gap. The binding of hydrogen changes the 
bonds and bond angles and thus influences the energetic 
positions of the impurity states. This makes it possible to 
shift many of the impurity states within the band gap or to 
move them entirely out of the gap. The art of influencing 
lattice defects in a favorable way is known as defect engi- 
neering. 

In mass production, a particularly elegant method of ap- 
plying atomic hydrogen to the wafers has become prevalent 
in recent years. It makes use of the fact that the front sur- 
face of the wafers is covered with an antireflection coating 
in order to permit the maximum number of those photons 
arriving at the cell to enter it and produce charge separa- 
tion. This is the reason for the characteristic deep blue col- 
or of the crystalline silicon solar cells. This function can be 
performed by a silicon nitride film, which is deposited from 
the gas phase using the PECVD method (Plasma-Enhanced 
Chemical Vapor Deposition). This film traps up to 20 at % 
of hydrogen during deposition. During forming of the back 
electrode, the high process temperature causes the hydro- 
gen to diffuse into the silicon substrate, where it can bind 
to defect structures and shift the defect levels out of the 
band gap or at least into a more favorable position near the 
band-gap edge. When the recombination rate due to the 
defect levels is reduced in this manner, one refers to a pas- 
sivation of the defects. 

Gettering of impurities and passivation of crystal de- 
fects produce a great improvement in the quality of start- 
ing material, which contains a high defect concentration. 
This is especially true for ribbon-silicon material, whose 
quality can vary widely within small regions between neigh- 
boring crystallites. These two techniques make it possible 
to fabricate solar cells with good efficiencies from silicon 
ribbon (Eigure 4). These process steps as a rule do not com- 
plicate the production process, since they are already a part 
of the processing sequence. However, they must be indi- 
vidually optimized for the specific material being used. 

In Eigure 5, the distribution of current within an RGS 
and an EEG solar cell is illustrated. WTiile in the EEG mate- 
rial, the strip-like structures reflect the long crystallites 
which grow in the pulling direction, in the RGS cell in com- 
parison one can recognize the lower current density and 
the smaller crystallite size. 

Strategies for Cost Reduction 

There are two strategies for reducing the cost of power 
production in photovoltaic devices: Increasing the effi- 
ciency of the modules, and lowering the production costs 
of the starting materials. In the past, research into solar cells 
was concentrated on increasing their efficiencies. In the 
meantime, it has become clear that it can make more sense 
economically to produce solar cells from cheaper material 
of lower quality, whose efficiencies in the end are only mar- 
ginally lower than those of modules made from more ex- 




Fig. 4 The distribution of charge-carrier iifetimes in a 5 x5 cm wafer made of verti- 
cally-pulled ribbon silicon. Left: In its as-produced state just after preparation. 
Right: following gettering and hydrogen passivation. A lifetime of 10 ps corre- 
sponds to a diffusion length of about 170 pm. 




Fig. 5 The electrical current distribution in solar cells, a) in RCS silicon, with small 
crystallites (the section shown corresponds to about 1 square cm), b) The current 
distribution in EFC silicon (four cm^); the current density increases from blue to 
green to red. 

pensive wafers. In such cost-benefit calculations, naturally 
other considerations based on area costs also play an im- 
portant role, whereby the type of mounting and other fac- 
tors are taken into account. 

A promising candidate for a further notable Wp cost re- 
duction is RGS silicon, because the high throughput of a sin- 
gle production installation and the good use of starting ma- 
terial can lead to the lowest unit costs for poly-Si wafers. 

The small crystallites and the high concentrations of carbon 
and oxygen are at present limiting factors to the efficiency 
of solar cells based on RGS silicon wafers. In particular, the 
charge-carrier lifetimes are still -even after gettering and 
hydrogen passivation steps - markedly shorter than in oth- 
er types of silicon ribbons. Current research is therfore con- 
centrating on ways to reduce these impurity concentra- I 49 






tions. The initial efforts have already led to an increase in 
the charge-carrier lifetimes, which gives a corresponding 
improvement of the efficiencies of solar cells based on this 
material. 

Research has discovered a very elegant method of col- 
lecting the major portion of the charge carriers in a mate- 
rial like RGS silicon, with its limited charge-carrier lifetime, 
before they are lost for current output due to premature re- 
combination [5]. In the p-type base material, oxygen and 
carbon agglomerates can collect along extended crystal de- 




A section through an RCS-silicon 
solar cell containing a network of 
n-type conducting dislocations. 
The network passes through the 
whole thickness of the wafer and 
is in contact with the n-conduct- 
ing electrode at its surface. 

A bright contrast means a high 
current-collecting capacity (here 
made visible by the EBiC tech- 
nique, Electron Beam induced 
Current). 



DETERMINING THE EFFICIENCY 



The efficiency of a solar cell is found 
from its current-voltage characteristic 
curve under illumination. This curve 
has the same shape as the characteris- 
tic of a diode, but is shifted along the 
current axis by the value of the short- 
circuit current kc • In order to take into 
account the area dependence, usually 
the current density j is quoted instead 
of the current /. The open-circuit 
voltage Vqq is the voltage which acts 
between the electrodes of the cell 
when no current is flowing. 

The point of maximum power 
density Pmax is reached when the 
product j - Vis maximal. The yellow- 
green rectangle (Figure) with sides 
of length Vqq and jsc. is thus larger 
than the red rectangle A 2 which lies 
above it and is defined by the point 
Pmax- The ratio /A 2 /A 1 is called the 
filling factor FF. The efficiency 77 of a 
solar cell is defined as the ratio of Pmax 
to the power density of the light 
impinging on the cell under irradation. 
Pin: 



j {A/m 2) 




, Pmax 
Pin 



Vochc-FF 



The current-voltage characteristic of 
a silicon solar cell. 



For terrestrial applications, the 
efficiency is measured under standard 
conditions. In the AM 1 .5 standard, 
the incident light spectrum has a 
power density Pm of 1 000 W/m^ and 
the cell is kept at a temperature of 
25°C. This corresponds roughly to the 
average solar radiation at medium 
latitudes with a clear sky and the sun 
at 42° above the horizon. 



fects such as dislocations. If these agglomerates are suffi- 
ciently densely packed along the defects, they form a sort 
of sheathing around the defect lines. Fixed positive charges 
along this sheath can then cause a local inversion of the 
charge-carrier type along the boundary layer, by repelling 
the majority charge carriers (holes in p-type silicon) and at- 
tracting the minority charge carriers (electrons). Thus, an 
n-type conducting channel is formed along the line of dis- 
locations within the p-type silicon. 

Thus, the RGS silicon wafer converts the disadvantage 
of poor crystal perfection into an advantage: The wafer is 
interlaced by a branched network of dislocations which 
reaches up to its surface and makes contact there with the 
n-type emitter layer. The short-lived electrons then no 
longer have to diffuse to the p-n junction near the surface 
after being generated by absorption of a photon deep with- 
in the cell; it suffices for them to reach the nearest n-type 
channel, through which they are quickly carried to the emit- 
ter layer at the device’s surface, and can contribute there to 
the external current. Since the average spacing of the dis- 
location lines in RGS silicon is only a few micrometers, high 
currents can be obtained by this mechanism in spite of the 
short diffusion lengths (Figure 6). However, the extended 
space-charge region along the n-type network also causes 
higher recombination currents in the solar cell (diode sat- 
uration currents), so that the improved charge-carrier col- 
lection does not automatically lead to a correspondingly 
great improvement in overall cell efficiency. 

Efficiencies 

The efficiency, along with the production cost, is the deci- 
sive parameter of a solar cell. It determines the electrical 
power which the cell can produce. The theoretically at- 
tainable efficiency of solar cells based on crystalline silicon 
under standard conditions of solar irradiation, an AM 1.5 
spectrum at 1000 W/m^, is around 28 % (see the infobox 
“Determining the Efficiency”). The best efficiency which 
has been obtained in the laboratory for single-crystal silicon 
is 25 %, near this theoretical limit. However, the laboratory 
solar cells fabricated for this measurement are much too ex- 
pensive for large-scale industrial production. The efficien- 
cies of large-area solar cells which can be mass produced 
at low cost are currently much lower. For mono-Si, indus- 
trial efficiencies in the range of up to 19 % can be obtained 
(with more elaborately-structured cells, even above 22 %); 
for poly-Si, they range up to about 17.5 %. 

With solar cells made of ribbon silicon, marked increases 
in efficiency have been demonstrated in recent years. For 
laboratory production, the highest efficiencies of string-rib- 
bon and EFG cells are in the range of 18 %, and for RGS cells, 
14-15 % has been demonstrated [6,7]. The highest values 
obtained using industrial-scale processing lie about 1-2 % 
lower (see Fig. 7). This dynamic evolution is driven in par- 
ticular by the increasing knowledge of the materials prop- 
erties and the development of processing techniques for so- 
lar cells which are adapted to them. New process sequences 
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Summary 

Photovoltaic power generation will in the foreseeable future 
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The evolution over time of the maximum efficiencies of solar 
ceils made of ribbon silicon. The efficiencies of solar ceils 
made by industrial fabrication methods in large-area quanti- 
ties (below) track - with a certain time lag - the increase in 
efficiencies of small-area laboratory cells (above). 



mainly make use of crystalline silicon as basic material, with 
an increasing tendency towards less expensive polycrystalline 
wafers. At present, the wafers are still sawed out of large sil- 
icon ingots, which results in considerable material waste by 
‘pulverization’. This increases the proportion of the wafer cost 
in the overall cost of the modules by up to 33 %. Ribbon sili- 
con, on the other hand, makes use of a different preparation 
technology to avoid this material loss, and so yields consid- 
erable cost savings. In terms of efficiency, solar cells made 
from silicon ribbon are already nearly competetive with con- 
ventional cells. A further advantage of ribbon silicon is that it 
can be integrated into existing production processes for so- 
lar cells based on crystalline silicon with a minimum of prob- 
lems. However, the most attractive production processes are 
not yet mature on an industrial scale. 
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con solar cells could make use of this cost-favorable wafer 



material in a straightforward way in their existing process- 
ing lines, since the main production steps would remain 
nearly the same. This would greatly facilitate the introduc- 
tion of solar cells based on ribbon-silicon material. 



Currently, in Broek op Langedijk in the Netherlands, an 
RGS pilot plant is being set up which will deliver RGS 
wafers on a second by second basis. This production ma- 
chine is designed to improve the materials quality and there- 
fore the obtainable efficiency, since it works at thermal equi- 
librium, in contrast to the laboratory devices thus far used. 
Then, at the latest, ribbon silicon should make a decisive 
contribution to lowering the production costs of solar mod- 
ules. 
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CIS Thin-film Solar Cells 

Low-priced Modules for Solar 
Construction 

BY Nikolaus Meyer 



Current solar modules are made of crystalline silicon. Their 
fabrication is complex and consumes a large quantity of 
materials and energy. Scientists and engineers have devel- 
oped an alternative: CIS solar modules consume less semicon- 
ductor material, reduce costs, and now attain fully competi- 
tive efficiencies. Commercial systems are already on the 
market. 




T he absorption of sunlight is the most important step in 
photovoltaic energy conversion: Only sunlight which 
has been absorbed can be transformed into electrical en- 
ergy Silicon is a semiconductor; it absorbs light only when 
the energy of the incident light quantum (photon) is equal 
to or greater than the band gap energy of the material. In 
that case, the energy of the photon can induce an electron 
to jump out of the valence band and into the higher-lying 
conduction band, across the ’’forbidden 2one” or band gap, 
storing the energy of the photon. Since electrons in the 
conduction band are also mobile, they can move through 
the material and thus contribute to a flowing electric cur- 
rent (see also the infobox “Compact Fundamentals of Pho- 
tovoltaics” on p. 39). 

Crystalline silicon is however an indirect semiconduc- 
tor, so that for this transition to take place, the momentum 
of the electron must also be changed by interaction with 
the thermally vibrating crystal lattice. Since a simultaneous 
change in the energy level and the momentum of an elec- 




CI5 solar modules can form elements of a facade similar to darkened glass. In the example shown, they perform the typical 
functions of a cool facade: They cover the thermal insulation and provide for runoff of rainwater to the ground. The modules 
52 I are designed as cassettes which can be mounted in the facade (cassette facade). 
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tron is less probable, it requires a disc of crystalline silicon 
(wafer) of 0.2 mm (200 (m) thickness in order to com- 
pletely absorb the incident sunlight. 

CIS - an Ideal Material 

For photovoltaic applications, direct semiconductors are 
therefore more interesting; their valence electrons do not 
have to change their momenta in order to accept energy 
from a photon. This class of semiconductors includes the 
compound semiconductors of composition Cu(In,Ga)(S, 
Se )2 (abbreviated CIS). As minerals, they are called chal- 
copyrites. In their crystal lattices, there are as many copper 
atoms as the sum of the indium and gallium atoms, and half 
as many as the sum of the sulfur and selenium atoms. By 
varying the In/Ga and the S/Se ratios, one can continuous- 
ly adjust the band-gap energy between 1 . 1 eV (for CuInSe 2 ) 
and 2.5 eV (for CuGaS 2 ), and thus the energy jump required 
of an electron which has absorbed a photon (1 eV = 
1.602 Joule). 

Even as a very thin film of about 1 pm (millionth of a 
meter) thickness, CIS can almost completely absorb the in- 
cident sunlight. In comparison to conventional silicon so- 
lar cells, the amount of material required is thus reduced by 
a factor of 100. If the band gap of the CIS is adjusted to be 
near 1 .5 eV, the material corresponds most closely to the so- 
lar spectrum, so that a maximum fraction of the sunlight can 
contribute to photovoltaic energy conversion. Its absorp- 
tion coefficient and its band gap thus make CIS an ideal ab- 
sorber material for the fabrication of solar cells. 

Once the negatively-charged electrons have been ex- 
cited into the conduction band through light absorption, a 
corresponding positive charge is left in the valence band in 
the form of quasiparticles, termed “holes”. The second step 
in photovoltaic energy conversion now consists of sepa- 
rating the (excited) electrons from the holes. This task is 
performed by a p-n junction (see also the infobox “Compact 
Fundamentals of Photovoltaics”on p. 39). It is fabricated by 
connecting the p-type conducting absorber to a second 
semiconductor layer which exhibits n-type conduction. In 
a p-n junction, an electric field develops, and it separates the 
electrons from the holes. In the case of a CIS solar cell, the 
n-type semiconductor 2inc oxide (ZnO) is employed as the 
n-conducting layer of the p-n junction. As with the negative 
pole of a battery, the negative charges collect in the 2 inc ox- 
ide layer when the cell is exposed to light, and the positive 
charge carriers collect in the (p-type) absorber. 

In order to use this stored energy, the charge carriers 
must enter and move through an external circuit. To allow 
this to occur, the p-n junction is fitted with electrical con- 
tacts or electrodes - in the case of the CIS/2nO junction, 
this is accomplished by a rear contact of molybdenum 
metal and a front contact of highly conducting 2 inc oxide 
(n-2nO) (Figure I). In practice, it has been found however 
that good-quality solar cells are obtained from the 
Mo/CIS/2nO/n-2nO structure only if a very thin buffer lay- 
er of 2 inc sulfide, cadium sulfide, or another semiconduc- 



FIG. T I A CIS THIN-FILM SOLAR CELL 
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The conversion of sunlight into electrical energy in a CIS thin-film solar cell. 



tor is deposited into the contact boundary region between 
the CIS and the 2nO layers. 

Glass Coating instead of Wafer Technology 

Glass is the substrate material of a CIS solar cell, and coat- 
ing the glass substrate makes this otherwise passive con- 
struction material into a solar module for generating elec- 
tric current. Fabricating CIS solar cells from wafers is nei- 
ther possible nor reasonable, due to the tiny thickness of 
the photovoltaic active layer, which is of the order of I jim. 
Instead, glass serves as a low-cost substrate material, and the 
other materials which make up the solar cell are deposited 
layer-by-layer onto the glass surface. All together, the poly- 
crystalline layered structure has a thickness of about 3 pm 
- CIS technology is thus a thin-film process (Figure 2). 

For glass coating, various methods can be used to de- 
posit the thin layers onto the substrate. Frequently, cathodic 
atomi 2 ation or “sputtering” is used. For this technique, the 
desired sample material in the form of a solid block is in- 
troduced into a high-vacuum system, where it serves as the 
cathode for an electric field into which a noble gas (usual- 
ly argon) is passed. If the field strength is sufficient, the gas 
is ioni 2 ed by the field, a plasma ignites (as in a fluorescent 
lighting tube), and the ioni 2 ed gas atoms are accelerated to- 
wards the cathode. Their impacts on the sample “atomi 2 e“ 
the cathode material (thus “ sputtering “), and as with ther- 




Fig. 2 An electron microscope image of the polycrystalline 
layers of a solar cell which have been deposited onto glass. 

The molybdenum rear contact is at the bottom, CIS in the 

center, and ZnO/n-ZnO at the top. I 53 





Fig. 3 The electric 
current flow in a 
CIS solar module 
which has an 
integrated series 
circuit connecting 
the ribbon-shaped 
solar ceils. 




rication process: After deposition of the rear electrode, de- 
position of the buffer layer, and preparation of the front 
electrode, slightly shifted lines are scribed into the layers. 
This yields ribbon-shaped solar cells of 4 to 8 mm width, 
which are connected via a narrow contact from their front 
electrodes to the rear electrodes of the neighboring cells, 
and therefore function like batteries connected in series 
(Figure 3). 

In order to protect the active layers of the solar module 
from weathering, they must be encapsulated. For CIS mod- 
ules, this is usually accomplished by adding a second glass 
sheet which is laminated onto the coated substrate layer. As 
in silicon technology, suitable transparent glues are available 
for this lamination process. A black frame yields a glass so- 
lar module with a neat black appearance (Figure 4). 



Fig. 4 A CIS solar 
module from the 
Soltecture 
company. 
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mal evaporation, it enters the gas phase. This atomized ma- 
terial condenses onto the cool glass substrate surface op- 
posite the cathode. This method yields layers of high qual- 
ity which can cover areas of up to several square meters. 
Sputtering technology is used to apply the molybdenum 
and zinc oxide layers of a CIS solar cell. 

The preparation of the CIS layer itself requires great 
care. Its composition, crystallinity and purity determine the 
quality of the solar cells. Most current technologies use ei- 
ther co-evaporation or a two-stage fabrication process. In 
the latter, precursor layers of copper, indium, and gallium 
are deposited onto the molybdenum-coated glass 
substrate - for this purpose, sputtering can be 
employed. This step determines the 
thickness of the layer and the 
composition of the final CIS 
film. In the second step, the 
precursor layers are heated in an 
atmosphere of sulfur or selenium- 
containing noble gas to a temperature of 
around 500° C. The gas phase reacts with the 
precursor layers to form the CIS compound. 

In co-evaporation, all the required elements are evapo- 
rated by heating in a vacuum chamber at the same time. The 
CIS layer then grows layer by atomic layer on the glass sub- 
strate. Its composition can be precisely controlled and it can 
even be varied during the deposition process. This method 
yields CIS solar cells with the highest efficiencies. 

A single CIS solar cell can currently generate a power 
output of about 20 mW/cm^ when irradiated by the mid- 
day sun. A solar cell of 1 m^ area would produce a current 
of up to 350 A at a voltage of 0.6 V This high current would 
cause large power losses in the current-carrying resistive el- 
ements of the solar cell. For this rea- 
son, for a large-area photovoltaic ele- 
ment, the overall area is divided into 
small individual solar cells which are 
connected in series to form a com- 
plete module. In contrast to the case 
of silicon technology, this series cir- 
cuitry can be integrated into the fab- 
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Ten Years of Industrial Experience 

In the 1970’s, scientists discovered the potential usefulness 
of CIS for making photovoltaic elements and fabricated the 
first solar cells from mm-thick single crystals of the mater- 
ial. An important benchmark was attained in 1980: Devel- 
opers at the US firm Boeing succeeded in depositing poly- 
crystalline layers of CuInSe 2 by co-evaporation, and used it 
to make a solar cell with over 10 % efficiency [1] (see also 
the infobox “Determining the Efficiency” on 
p. 50). Within a few years, the effi- 
ciency had been increased to 
12.5 %, and the value of 15 %, 
which silicon solar cells were 
able to attain at that time, was 
within reach. Today, 30 years later, 
the best efficiencies of polycrystalline sil- 
icon and CIS solar cells are about the same, 
each slightly over 20 % [2] . 

The industrial potential of CIS technology was rec- 
ognized early on: A CIS solar cell uses 99 % less expensive 
semiconductor material and two-thirds less energy for its 
production than a silicon cell. The technology thus plays a 
key role in reducing the costs of photovoltaic energy pro- 
duction. 

The first commercial organization to enter the field was 
the petroleum firm Arco, which in the late 1980’s began 
scaling up CIS technology and applying industrial produc- 
tion methods. It however took another ten years until their 
research group could release the first product for market- 
ing, in 1998. Shortly thereafter, two other pioneers in the 
field, Wiirth Solar and Soltecture (at that time called Sul- 
furcell) began marketing solar modules, in 2003 and 2005, 
respectively. 

Altogether, there are now more than twenty industrial 
suppliers active in the market today. None of them pro- 
duces the same quantities as their competitors who manu- 
facture solar cells from crystalline silicon. However, a num- 
ber of these manufacturers have mastered CIS technology 
in production: Throughput, process yield and process sta- 
bility today attain levels which make an expansion to gi- 
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FIG. 5 I INCREASING THE EFFICIENCY 




The continuous improvement of the efficiencies of commerci- 
al thin- film solar modules based on various CIS semicon- 
ductors, showing as an example results from the Soltecture 
company in Berlin. Blue-green: Cells based on sulfur-contai- 
ning as, Cu(inCa)S2; light green: Selenium-based CIS, 
Cu(in,Ca)Se2. The latter exhibit a clear-cut Jump in efpciency. 

gawatt production capacities, comparable to the silicon-cell 
market, appear promising, with low risks and predictable 
economic rewards. The Japanese firm Solar Frontier has 
taken the lead in developing a correspondingly large pro- 
duction capacity. 

It took thirty years of research and development to 
bring the CIS technology to maturity on an industrial scale. 
CIS represents a new class of semiconductors, about which 
much less is known than about silicon, which has been un- 
der investigation for a century and is generally one of the 
best-studied of all materials. Many of the materials proper- 
ties of CIS were unknown for a long time, and some still are. 
The properties of large-area films had to be determined, the 
manifold influences of the fabrication processes on CIS 
quality required investigation, and the long-term behavior 
of the CIS materials in photovoltaic applications had to be 
studied. This continuously growing body of knowledge has 
been applied to increase the efficiencies of CIS solar mod- 
ules further and further. 

The example of our Berlin firm Soltecture makes it clear 
how the photovoltaic efficiency of a CIS compound could 
be continuously improved, and even - by modification of 
its chemical composition - given a quick boost (Figure 5). 
Selenium-based compounds of composition Cu(In,Ga)Sc 2 , 
in a laboratory format today already attain efficiencies of 
over 20 % [2] . Leading CIS manufacturers such as Soltecture 
currently obtain efficiencies of over 13 % for large-area mod- 
ule formats. 

Solar Architecture using CIS Solar Modules 

CIS technology is gaining importance not only because of 
its potential for reducing production costs; the solar mod- 
ules are also attractive to architects and homeowners be- 



cause of their impressive and attractive appearance. Their 
uniform anthracite-colored surfaces set them apart from so- 
lar modules made of polycrystalline silicon wafers, whose 
appearance is dominated by blue highlights and metallic 
conductor channels. 

CIS technology is breaking the trail towards solar con- 
struction and promises to provide multifunctional facade 
materials for buildings. CIS modules can be used as con- 
struction materials for facades and roofs to protect against 
the weather, to contribute to thermal insulation, and to pro- 
vide an architecturally aesthetic appearance, as well as to 
generate the electrical power required by the users of the 
building. Since the solar modules fulfill structural functions, 
the cost of passive structural materials can be saved. At the 
same time, energy production at the site, i.e. directly where 
the consumers are located, avoids costly and complicated 
transmission of electrical energy. Photovoltaics can be the 
key to decentrali2ed electrical energy supplies with sus- 
tainable energy sources, and will be an indispensible com- 
ponent of the future energy mix. 

Summary 

Present-day solar modules are made of crystalline silicon. 
Their fabrication demands an elaborate process technology 
and consumes a large guantity of materials and energy. Sci- 
entists and engineers have developed an alternative, which is 
now in production on an industrial scale: CIS solar modules 
consume a much smaller amount of semiconductor material 
and reduce costs. At present, they attain competitive effi- 
ciencies of up to 13 % for commercial modules, and 20 % in 
the laboratory. Owing to their uniform black appearance, they 
are particularly attractive as components for solar architec- 
ture. 
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CdTe Thin-Film Solar Cells 

On the Path towards Power-Grid 
Parity 

BY Michael Harr | Dieter Bonnet | Karl-Heinz Fischer 



Thin- film solar modules made of cadmium telluride hold the 
promise of attaining so-called ‘power-grid parity’, as the first 
photovoltaic technology: The generation of solar power at 
prices which are competitive with conventionally-generated 
electric power. 



T hin-film solar modules based on cadmium telluride 
(CdTe) [1] at present attain efficiencies of 11-12 % as 
commercial modules, and up to over 17 % with laboratory 
cells; theoretically, they could go as high as 30 %, exceeding 
the best theoretical efficiency of crystalline silicon. These 
CdTe solar modules thus have the potential of being the first 
photo-voltaic technology to attain so-called ‘power-grid par- 
ity’: They would then generate solar power at a cost which 
would be similar to that of power from conventional gen- 
erating methods. This would make photovoltaics fully com- 
petitive. 

The fundamentals of this technology have long been 
known. As early as 1970 in Frankfurt am Main, Germany, 
Dieter Bonnet, one of the present authors, constructed the 
first functional CdTe thin-film solar cell. CdTe solar cells 
have a number of attractive characteristics and thus an enor- 
mous commercial potential. 

In contrast to silicon, CdTe is a direct semiconductor 
(see “Compact Fundamentals of Photovoltaics” on p. 39), like 
CIS, which was introduced in the previous chapter by Niko- 
laus Meyer. Thus, only a very thin layer of CdTe is required 
to completely absorb the incident sunlight.About a decade 
ago, the ANTEC Solar company, founded by Karl-Hein 2 
Fischer and Michael Harr, manufactured the first commer- 
cial CdTe solar cells.These, however, still had absorber-layer 
thicknesses of up to 10 pm and therefore consumed rela- 
tively large amounts of CdTe. This was due to the still not 
completely mature technology for depositing the CdTe on- 
to glass substrates at that time .Today’s solar cells have CdTe 
layers which are only half as thick, with a tendency towards 
decreasing down to thicknesses of only 1 pm. This implies 
materials savings of 90 % in comparison to those first solar 
cells. 

Furthermore, CdTe is an extremely stable chemical com- 
56 I pound. In order to split a CdTe molecule into its component 



elements, cadmium and tellurium, one needs very high tem- 
peratures of 1000° C, or strong acids. CdTe is therefore sta- 
ble over long time periods, an important precondition for 
attaining grid parity. The cost of a kilowatt hour of solar en- 
ergy depends directly on the lifetime of the solar cells. In 
particular, CdTe does not degrade under the action of sun- 
light, so that the power output of the cells remains constant 
over many years. Their lifetime is limited not by the CdTe 
absorber, but rather by other components of the solar cells. 

A further advantage of CdTe is its low temperature co- 
efficient. This describes how strongly the efficiency of a so- 
lar cell decreases with increasing temperature: The larger 
the coefficient, the greater the decrease in efficiency. Since 
solar cells are heated by the sunlight, their efficiencies and 
thus their output power can decrease noticeably; this effect, 
however, is practically negligible for CdTe, and thus solar 
modules fabricated from it are suitable for use in regions 
with hot climates. 

The efficiency of a solar module also depends upon the 
intensity of the sunlight. In most cases, it decreases when 
the insolation is lower, for example because of clouds or il- 
lumination at a grazing incidence angle.The fact that a pho- 
tovoltaic installation using silicon cells yields less power on 
a cloudy day is thus due not only to the lower level of sun- 
light available for power generation; the less intense light is 
also converted to power with a poorer efficiency. CdTe, in 
contrast, shows very good behavior at low-level insolation, 
and makes better use of weak sunlight. CdTe solar power 
installations are therefore especially well-suited for use at 
higher latitudes where the sun is lower in the sky and there 
are often clouds. 

The best Energy Balance and Lowest Costs 

Of particular importance is also the short energy payback 
time for CdTe solar cells. This denotes - like the harvest fac- 
tor referred to in other chapters on photovoltaics - the time 
during which a solar module must be operated under the 
local insolation conditions until it has yielded as much en- 
ergy as was required for its manufacture. It thus depends on 
the site at which the module is operated. For CdTe solar in- 
stallations, this payback time for use in Central Europe is less 
than 10 months. This value already includes the energy ex- 
pended for precursor products, such as melting the sub- 
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strate glass, mining and processing the raw materials, etc. 
In Southern Europe or other regions with a high insolation, 
the energy payback time is even shorter. CdTe is thus the 
optimal technology in terms of its energy balance, also. 

CdTe technology has the lowest manufacturing costs of 
all the currently-known photovoltaic technologies. For the 
future, independent studies predict that cost reductions are 
indeed to be expected for all the photovoltaic technolo- 
gies, but CdTe will continue to maintain its lead [2]. Thus, 
the leading CdTe manufacturers today can fabricate solar 
modules at a cost of 0.5 €/Wp; in the future, a cost of less 
than 0.4 €/Wp is predicted. For other thin-film technolo- 
gies, such as a-Si or CI(G)S, costs between 0.4 and 0.8 €/Wp 
are expected. A cost of around 1.2 €/Wp is predicted for the 
classical crystalline Si modules. Among all the photovoltaic 
technologies, CdTe thus offers the best perspective for at- 
taining grid parity and being able to dispense with feed-in 
subsidies. 

With this background, it is not surprising that for ex- 
ample the US firm First Solar (with European headquarters 
in Main 2 ) has expanded very rapidly. It produces exclusively 
CdTe solar modules, and within only a few years, it grew 
from a start-up to become the worldwide number one 
among solar module manufacturers. In the meantime, it has 
produced modules with an output power totalling 4 GW 
[3] , equivalent to four nuclear power plant blocks. 

Perhaps the ease of fabricating high-capacity solar mod- 
ules from CdTe has however caused this technology to be 
almost completely overlooked by German research funding 
agencies. While classical silicon solar cells, thanks to inten- 
sive research support, today achieve efficiencies near 20 % 
and thus are approaching the theoretical limit for silicon, 
the efficiencies of 11-12 % attained by CdTe modules are 
only slightly more than 1/3 of the theoretical value. Here, 
there is still much room at the top. A concerted research ef- 
fort could still further reduce the manufacturing costs quot- 
ed above, perhaps even halve them. Countries like China, 
which have realized the potential of this technology, are 
therefore investing not only in CdTe solar-module factories, 
but also in CdTe research. 

A simple Coating Procedure 

One of the reasons for the favorable fabrication costs of 
CdTe solar cells is an important property of CdTe: it sub- 
limes congruently.‘ Sublimation’ refers to the vaporization of 
a solid material, without its previously having melted. Due 
to sublimation, snow ‘vanishes’ in dry winters; the water 
molecules go directly from the solid ice into the air, as wa- 
ter vapor. CdTe exhibits a similar behavior: When it is heat- 
ed to a temperature above about 500° C, CdTe vapor is 
formed directly. If a sheet of glass at a lower temperature is 
held in this vapor, the latter condenses as a thin film on the 
glass. 

Now the property ‘congruent’ enters the picture: It 
means that the CdTe vapor maintains precisely the same 
chemical composition as in the solid CdTe from which it 
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The principle of the close-spaced sublimation process. 

originates. Thus the deposited layer has exactly the same 
composition as the solid source material, and therefore as 
the pure starting material. In this respect, CdTe differs es- 
sentially from the class of CIS and CIGS materials (see the 
previous chapter). In that materials class, the ratio of C (cop- 
per) to In (indium) atoms is of decisive importance for their 
photovoltaic efficiency. However, if one simply vaporizes 
these compounds, the vapor would have a different C/In ra- 
tio from the starting material, and the deposited layer would 
have still another ratio. 

During fabrication on an industrial scale, the composi- 
tion of the deposited layers thus threatens over the course 
of time to deviate from that of the starting material. Fur- 
thermore, such a system tends to show local variations in 
composition over the surface of a large-area deposited lay- 
er. Therefore, solar-module production using CIS and CIGS 
demands sophisticated deposition processes. 

For CdTe, in contrast, the deposition process is ex- 
tremely simple and robust (Figure 1).A graphite crucible is 
filled with CdTe and heated in vacuum to 600-700° C.The 
glass substrate sheets are passed over the crucible at a dis- 
tance of a few millimeters, after being preheated to a tem- 
perature of 500-600° C.The subliming CdTe has only a short 
path to the glass substrate, where it condenses as a thin, 
dense and mirror-smooth film. One need take no special 
care to maintain the composition of the deposited layer; the 
physics and chemistry of CdTe ensure that it will condense 
at the ideal composition. This method is called the CSS 
process (for close-spaced sublimation), since the sublima- 
tion and condensation are spatially close together. 

A thin CdTe layer on glass of course does not by itself 
represent a functional solar cell. In addition to a transpar- 
ent front contact and a rear contact to carry off the current 
generated in the cell, a p-n junction must be produced. 
There, the charge carriers generated in the CdTe absorber 
are separated.To make this junction, a very thin (-100 nm) 
layer of CdS is deposited on top of the CdTe layer, likewise 
using the CSS process (Figure 2). CdS condenses automati- 
cally as an n-type semiconductor, while the CdTe film is a 
p-type semiconductor, so that the desired p-n junction re- 
sults. A theory of the mode of action of the CdS layer was 
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This electron microscope image shows a cross-section through the layered struc- 
ture of a typical CdTe solar cell. The sunlight is incident from below through the 
glass substrate and onto the absorber layer. 



given by Karl W. Boer [4] , among others. In order to achieve 
high efficiencies, the CdS/CdTe junction must however be 
subjected to a special thermal treatment after deposition. 
This removes defects at the boundary between the two lay- 
ers, at which the charge carriers generated would other- 
wise recombine and be lost. 

A new Coating Process 

In order to produce high-quality films which yield high ef- 
ficiencies, two things are necessary: A high substrate tem- 
perature, over 500° C, and precisely the short source-sub- 
strate distance described above. In general, a simple rule of 
thumb holds: the higher the substrate temperature, the bet- 
ter the quality of the deposited layer.This however presents 
a technical challenge. In order to fabricate solar modules at 
a moderate price, common window glass is used as the sub- 
strate; but it begins to soften and flow at a temperature just 
above 500° C. 

For this reason, sheets of window glass with a large sur- 
face area can be coated using the CSS process only up to 
about 520° C. Several manufacturers of CdTe solar modules 
however work with higher substrate temperatures. They 
therefore support the softening glass with a number of 
rollers below it, and deposit the film from above. But this 
means that the distance from source to substrate over which 
the CdTe molecules must travel becomes much longer. With- 
out special preventative measures, the molecules would col- 
lide with each other underway and would stick together; 
somewhat overstated, they would agglomerate to dust.The 
resulting films are less dense and less smooth, and tend to 
form pinholes. Without further treatment, such layers as a 
rule have only very low photoefficiencies. 

To overcome this problem, we developed a special con- 
figuration for the crucibles and the rollers at our firm CTF 
Solar in Kelkheim. It allows us to pass glass substrate sheets 
closely above the hot crucible even at temperatures high- 
58 I er than their softening temperatures without notable plas- 



tic deformation, and thus to deposit high-quality CdTe films 
over a large surface area. 

With a team of around twenty physicists, chemists and 
engineers, we design and build highly productive CdTe so- 
lar-module factories. In the investment costs for the con- 
struction and commissioning of such a factory, an important 
factor is the cost of the machines required. A factor which 
is often neglected, however, is the cost and the time need- 
ed for the ramp-up of a factory.This is the pilot phase of pro- 
duction, when the efficiency of the solar modules produced 
and the productivity of the factory are optimized to their 
target values. The task to be carried out is illustrated by Fig- 
ure 3, which shows the time variation of the efficiency of 
the solar modules during a production run.The figure shows 
an example of production during the early ramp-up phase. 
On the one hand, it can be seen that the statistical scatter 
in the values of the efficiency is extremely low, as expect- 
ed for the deposition of CdTe using the CSS process. On the 
other hand, the figure shows clearly that the production 
process is not yet stable.The efficiencies exhibit jumps and 
long-term drifts. Both of these effects are due to instabili- 
ties in the process machinery. 

One of the principal tasks during ramp-up is to elimi- 
nate these instabilities as quickly as possible. This can be 
done only in cooperation with the manufacturer of the ma- 
chines. We therefore prefer to work with machine manu- 
facturers who are willing to consider the needs of the cus- 
tomer already in the design phase of the machines; they are 
then also involved in the fine-tuning of the machines in the 
customer’s factory. 

Secondly, a rapid ramp-up requires sophisticated diag- 
nostics. With the corresponding diagnostic tools, after each 



FIG. 3 I RAMP-UP 




Charge number 

These data show the variation of the efficiency during the 
initial phase of ramp-up. At this pointy the average efficiency 
is only around 6 %. This level was reached after fabrication of 
about 2,000 solar modules. The small statistical variation, 
typical of CdTe, is notable. It is however superimposed on 
systematic jumps and drifts, which are caused by the process 
machinery. 
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important process step the results are checked ‘in-line’, i.e. 
on every single substrate sheet, and are analyzed in terms 
of deviations from the desired process characteristics. At 
the same time, the state of each of the machines is registered 
by a large number of sensors. A manufacturing execution 
system (MBS) combines these two data sets and analyzes 
them.This quickly reveals which of the machine parameters 
have a negative influence on the efficiencies and require 
correction. 

Figure 4 shows a model of a production line with a pro- 
duction capacity of up to 500,000 solar modules per year. 
This plant, which measures 180x70 m, produces modules 
that are 1.2 x 1.6 m in size; they are thus more than 2.5 
times larger than the standard dimensions of 0.6x1. 2 m. 
The annual production thus consists of nearly 1 million m^. 
With a module efficiency of 11 %, which can be achieved 
after an intensive ramp-up, this corresponds to an output 
power of over 100 MWp. 

Delivery of such a production line as a turn-key prod- 
uct requires an investment of 80 to 100 million €, depend- 
ing on the extent of the ramp-up .This price may seem high, 
but it should be seen in connection with the production ca- 
pacity of 100 MWp annually :The specific investment sum is 
less than 1 €/Wp, and is thus even lower than for other thin- 
film technologies. Such a turn-key line is so to speak a starter 
set for establishing a solar-module factory. When the pro- 
duction capacity is increased by adding other similar pro- 
duction lines, the effort required for ramp-up decreases and 
thereby also the specific investment costs, down to the 
range of 0. 5-0.6 €/Wp. 

Summary 

Thin-film solar modules made from cadmium telluride (CdTe) 
can already be fabricated at moderate cost with efficiencies 
of 11-12%. This cost advantage of CdTe relative to other pho- 
tovoltaic technologies will persist in the future. Their market 
share as thin-film solar modules grew continuously in the past 
years. They are developing into the ‘workhorse' of the solar 
technologies. In addition, they will achieve power-grid parity 
as the first of the photovoltaic technologies, and thus will 
deliver electric power at competitive prices. More intensive re- 
search should allow their efficiencies to increase by a factor 
of two and also lower their production costs notably. 
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FIG. 4 I A CdTe SOLAR-MODULE FACTORY 



A production line for CdTe solar modules, with an annual production capacity of up 
to 100 MWp. 
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The earth can provide much heat energy to drive geothermal 
base-load power plants - everywhere, not just in active 
volcanic areas. However, tapping this energy requires new 
exploitation technologies. 



Geothermal Heat and Power Generation 

Energy from the Depths 



BY Ernst Huenges 



A mbitious energy and environmental policy goals are 
creating new challenges for energy suppliers. The en- 
ergy mix of the future will have to be ecologically friendly, 
secure in resources, and competitive. Long-term security of 
the energy supply and most especially sustainability are in 
demand. The goal of the European Union to increase the 
contribution of energy from sustainable sources to 20 % of 
the total used by the year 2020 emphasizes the high 
pectations which are placed in these energy carriers. 

The geothermal potential is extremely interesting in the 
context of environmental and economic policy. In contrast 
to wind und solar energy, it is available around the clock, 
which makes it attractive for base-load power plants. Even 
taking into account the energy expended in constructing 
the installations, geothermal energy produces only a small 
amount of CO2. It represents an ecologically exemplary and 
expedient alternative to nuclear power and to fossil fuels. 

The earth contains a high potential for supplying heat 
for the energy economy. Its heat content results from the 
release of gravitational energy by the contraction of gas and 
solid particles during its formation, as well as from primor- 
dial heat dating from the early days of the solar system, and 
from the energy released by the decay of radioactive iso- 
topes. According to current knowledge, the isotopes which 
are significant for heat production are those of uranium, tho- 
rium and potassium that are enriched in the continental 
crust, which consists mainly of granitic and basaltic rock 
(see the infobox ’’Heat from within the Earth” on p. 63). 

Geothermal heat sources can supply energy in the form 
of technologically usable heat or electric power. The oc- 
currence of geothermal heat sources is not limited to re- 
gions with noticeable vulcanism. In principle, there is ge- 
othermal heat everywhere, in particular also under Central 
Europe (Eigure 1). In Germany, three regions are suitable for 
extracting deep geothermal energy for electric power gen- 
eration: the South German Molasse Basin, the upper Rhine 
Graben, and the North German Basin. To be sure, there one 
must drill down to depths of several kilometers in order to 
tap a level of temperatures which is high enough to effec- 
tively generate electric power using steam turbines. Real- 



izing this potential makes special demands on technology 
and engineering, and at the present state of development, 
it involves high investment costs. Technologically and eco- 
nomically viable concepts are needed in order to increase 
the small fraction of the energy market which is currently 
supplied by geothermal resources. 



Geothermal Energy is Still Exotic, 
but has High Growth Rates 

Worldwide, in 2011 roughly 11 GW of electric power was 
generated using geothermal energy [1]. Eor comparison: In 
the same year, the total installed power output of all the 
world’s wind power plants was nearly I60 GW [2]. How- 
ever, wind power depends on the weather, so that all the 
wind power plants on the globe practically never produce 
their maximum power at the same time. In the case of ge- 
othermal power, in contrast, this would be possible, at least 
in principle. 

Unlike Iceland, in continental Europe, geothermal en- 
ergy plays only a subordinate role. Only Italy can claim a sig- 
nificant number of geothermal power plants, which to- 
gether produced more than 800 MW of electric power in 
2011 [1]. Larderello, Italy, is also the birthplace of the ex- 
traction of electrical energy from geothermal heat: In 1904, 
Count Piero Ginori Conti installed a dynamo there which 
was driven by steam from the volcanic terrain. It lit up five 
incandescent lamps in the village. 

In Germany, the utilization of geothermal heat has seen 
relatively high growth rates in recent years. At the end of 
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2011, over a GW of heat production capacity from geot- 
hermal resources was installed. Of this, 160 MWth was sup- 
plied to larger plants, while more than one GWth was addi- 
tionally obtained from geothermal probes: These are heat 
sources for heat pumps which typically are used to heat sin- 
gle- or multiple-family dwellings [3] . In southern Germany, 
hot deep-well water is used in several towns for central 
heating, for example in Erding, Pullach, and Unter- 
schleiftheim. Geothermal installations in Mecklenburg-Vor- 
pommern have contributed to fulfilling space heating needs 
since the 1990’s. 

But the tapping of deep geothermal reservoirs for gen- 
erating electric power also shows a positive trend. In No- 
vember, 2003, in Neustadt-Glewe in the state of Mecklen- 
burg, Germany’s first geothermal pilot power plant began 
operation, with an output power of 0.2 MWgi. It demon- 
strated the technical feasibility of generating electric pow- 
er with geothermal energy under the conditions prevailing 
in Germany. In Unterhaching, Bavaria, a binary plant, i.e. 
power generation using a secondary cycle with a heat ex- 
changer heated by thermal water from underground, has 
supplied the town with geothermal power since 2009, af- 
ter it began delivering heat to the district heating network 
in 2007. This particular plant in Unterhaching has a so- 



called Kalina cycle. In the secondary cycle of the Kalina 
system, a mixture of water and ammonia is heated, pro- 
ducing gas at relatively low temperatures. The hot gas dri- 
ves a turbine, which is connected to a generator to pro- 
duce electric power. This circuit thus works with a “tem- 
perature head” that is not sufficient to be used with 
conventional steam turbines. Another common binary 
process is the Organic Rankine Cycle (ORC). Here, an or- 
ganic working fluid is used to drive the turbines (Figure 2). 
In Landau, the first large, industrial-scale geothermal pow- 
er plant in Germany went on line in 2007, providing 3 MWei 
of electrical output power and a heat output of 8 MWth for 
a district heating network. Figure 3 gives an overview of 
German geothermal heat supply projects; additional plants 
are in the planning and construction stages. 

According to the Geothermal Report which was adopt- 
ed in May 2009 by the German Federal cabinet, the goal is 
to have an installed electric generating capacity of 280 MW 
from geothermal sources operating by the year 2020 [5] . At 
an output power of ca. 5 MW per plant, this corresponds 
to more than 50 plants. Together, they can potentially pro- 
vide about 1.8 TWh of electrical energy and additionally 
3.4 TWh of heat each year. Regarding heat supplies with- 
out electric power generation, it is expected that by 2020, 




The temperature distribution in Europe at a depth of two kilometers [6], 
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an additional 4.8 TWh can be supplied from geothermal 
energy. The total heat supply from geothermal energy 
would then be 8.2 TWh per year. 

For comparison: Germany’s consumption of light heat- 
ing oil between 2004 and 2006 amounted to more than 
1000 petajoules per year; this corresponds to ca. 270 TWh 
[4] . After 2020, the growth of geothermal energy supplies 
is expected to accelerate, leading to an installed electric 
generating capacity of 850 MW by 2030 [5]. 

Geothermal Energy Sources 

Relatively widespread in Central Europe are near-surface 
geothermal resources: Heat pumps use surface and ground 
water from a depth of a few meters as a heat source for 
space heating in houses. Installations of this type require on- 
ly a few degrees of temperature difference in order to yield 
sufficient heat. A second heat source is hot water from 



deeper within the earth. Such hydrothermal systems can be 
found in areas with active vulcanism, but also in non-vol- 
canic regions. Today, most of the large geothermal power 
plants in the world use hot water from volcanically active 
regions to generate electric power. 

Hydrothermal systems which are not directly connect- 
ed with a volcano cause fewer technical problems. In South- 
ern Germany and on the North German Plain, there are for 
example several regions with hydrothermal low-pressure 
reservoirs at depths up to about 3000 meters. These areas 
of hydrothermal potential are aquifers which carry hot wa- 
ter - usually salty - that can be brought to the surface 
through wells. 

Since this water is at temperatures between 60 and 120° 
C, it is hardly suitable for effective electric-power genera- 
tion. Therefore, it is mainly used for space heating. The heat 
from the deep-well water is transferred in heat exchangers 



FIG. 2 I GEOTHERMAL POWER GENERATION: THE ORC PROCESS 




A pump brings hot water through a production weii from deep within the earth to the surface, its heat is used in a vapor 
generator to drive a turbine for eiectric power generation within a power piant circuit The turbine circuit contains an organic 
working fluid with a iow boiiing point in order to increase its efficiency (Organic Rankine Cycie), The cooied water is pumped 
back to the depths through an injection weii (biue) (graphics: GFZ). 
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to the district heating grid. In this range of temperatures, 
there are a number of possibilities for utilizing the geot- 
hermal heat - apart from electric power generation. Typi- 
cal examples are central heating installations for local and 
district household heating, small consumers and industrial 
applications, which represent the state of current technol- 
ogy. The direct use of thermal water for bathing and in ther- 
apeutic baths is a classic example. 

Hot and Deep 

Below a depth of 4,000 meters, one finds rock formations 
at temperatures above 150° C practically everywhere under 
the Earth’s surface. They contain by far the largest reservoir 
of geothermal energy which is currently technically acces- 
sible and interesting in terms of electric power generation. 
The technology for utilizing deep-well geothermal energy 
usually requires two boreholes: one production well and 
one injection borehole, in order to obtain hot water from a 
deep-level reservoir (aquifer). Installations with a larger 
number of boreholes (geothermal fields) are not yet the 
state of the technology in Germany. Above ground, the ther- 
mal water circuit is closed. As a rule, the thermal energy is 
transferred via a heat exchanger to the user application (the 
steam cycle of a turbine, heating network, heat pump etc.). 
The cooled thermal water is then pumped back into the 
aquifer via the injection borehole. 

A central role in the future usage of deep-well geother- 
mal energy is played by Enhanced Geothermal Systems 
(EGS). Enhanced, or engineered, geothermal systems are 
those which have been made economically competitive by 
the use of productivity-enhancing measures, as will be de- 
scribed in the next section. Among these EGS are the pre- 
viously so-called Hot Dry Rock (HDR) systems. These are 
dry rock formations which are used with water injected 
from above ground. This water takes up heat from the rocks 
via naturally-existing or artificially-produced (by ‘stimula- 
tion’) heat-exchanger channels and carries it up to ground 
level. 

EGS technologies were developed for sites which are 
initially not cost-effective. Around 95 % of the geothermal 
potential in Germany can be realized only with the aid of 
these technologies. All of the necessary system components 
are in principle available, but their combination as yet of- 
ten does not work with sufficient reliability and efficiency. 

Thus, for example, the sedimentary basin systems which 
are widespread in the North German Basin and contain hot 
water represent a promising potential for providing geot- 
hermal heat. Since such systems are widespread all over 
the world, the technologies developed here for utilizing ge- 
othermal energy are relevant not only for Germany. They 
can equally well be applied to other sites with comparable 
geological preconditions. This international perspective 
should provide an additional boost for the technological 
development. 

Sedimentary geological regions are most often found in 
areas with a high population density and a potentially great 




The sun, to be sure, radiates 20,000 
times more energy onto the earth’s 
surface than it receives in the form of 
heat from the depths. Nevertheless, 
geo-thermal heat is a practically 
inexhaustible source of energy on a 
human scale. This heat energy origi- 
nates from three sources [4]: 

• The gravitational energy stored in 
the interior of the earth; 

• The primordial heat energy stored in 
the earth’s interior; and 

• The decay of natural radioactive 
isotopes. 

As the earth was formed from the 
protoplanetary nebula by accretion of 
matter, i.e. chunks of stone, dust, and 
gases, its mass increased and with it its 
gravitational field. Thus, the matter 
that continued to rain down on the 
nascent earth impacted with increasing 
force, and the gravitational energy re- 
leased was converted for the most part 
into heat. A large portion of this heat 
was, to be sure, radiated back into 



space, but estimates show that an 
energy of between 1 5 and 35 • 1 0^^ j 
remained in the proto-earth. An 
additional quantity of energy came 
from the heat which the matter from 
the protoplanetary nebula itself 
brought to the nascent earth. 

In the earth’s continental crust, the 
decay of natural radioactive isotopes 
makes an important contribution to 
geothermal heat. Especially in the 
layers near the earth’s surface, the 
naturally-occurring isotopes ^^^Th, 
235y^ 238y others are enriched in 
the granitic and basaltic rocks. In the 
basaltic rocks, the radiogenic heat 
production leads to a power output of 
around 0.5 pW/m^; in granites of up to 
2.5 pW/m^. Since the formation of the 
earth, this source of heat has released 
at least an estimated 7 • 1 0^^ j of 
energy. 

According to modern estimates, 
these three sources lead to a total heat 
energy stored in the earth of between 
12 and 24-1030j.The 
earth’s outer crust down 
to a depth of 1 0 km thus 
contains about 10^®]. The 
resulting heat current 
towards the surface is 
around 65 mW/m^. For 
each kilometer downwards 
into the earth, the temper- 
ature in the outer crust 
increases on average by 
30° C. 

(Roland Wengenmayr) 

In the continental crust, 
natural radio- activity 
produces strong geother- 
mal heat (graphics: Roland 
Wengenmayr). 
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demand for heat, which can be met without much addi- 
tional effort in conjunction with the construction of geot- 
hermal power plants. The fractured and porous stone which 
predominates in such regions serves as a heat and water 
storage reservoir; it can be regarded as a geothermal reser- 
voir, however, only when it lies at considerable depth, due 
to the moderate heat flow from deeper in the earth. These 
zones contain deep, porous layers of carrier rock, which 
hold water (aquifers) and sufficient stored energy content 
to serve as a source for geothermal power generation. The 
transport paths for this water are either natural and occur 
as an open system of interfaces, or else must be artificially 
produced through stimulation. I 63 





FIG. 3 I DEEP-WELL GEOTHERMAL PROJECTS IN GERMANY 
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The heat-produc- 
tion capacity in 
megawatts 
(MWth) ofgeot- 
hermai instaiia- 
tions in Germany 
with borehoies 
more than 1000 
meters deep 
(data as given by 
the operators). 



Reservoir Engineering 

The exploitation of underground heat depends to a great 
degree on the efficient management of the reservoir. To 
this end, one must understand the whole system, consist- 
ing of the boreholes and the underground reservoir, quali- 
tatively and quantitatively This knowledge then allows the 
structuring of the processes which take place in the bore- 
holes, in the nearby zones, and in the reservoir itself. 

The principal method for increasing productivity is 
reservoir engineering. It permits the properties of deep-ly- 
ing geothermal reservoir stone to be modified in a con- 
trolled way. If the natural porosity of the stone is limited, 

so that the water flow rate 




Geothermal projects at the GFZ Potsdam 

www.gfz-potsdam.de|geotherm 

International sites on geothermal energy 

www.geo-energy.org 

www.geothermal-energy.org 

European pilot plants (hot-dry-rock process) 

www.soultz.netlversion-en.htm 

European Energy Research Alliance (EERA) Joint 
Program Geothermal Energy 

www.eera-set.eu 

Geothermal energy in the USA 

wwwT .eere.energy.govjgeothermal 

Geothermal energy in Iceland 

www.nea.isjgeothermal 



would be too low and the 
interface area too small for 
effective heat exchange, 
special stimulation meth- 
ods can be applied to pro- 
duce additional fractures in 
the rock. One method is 
hydraulic stimulation of the 
cleavages and fractures. Hy- 
draulic fracturing is a well- 
established procedure in 
the petroleum and natural- 
gas industry. Developed in 
the 1940’s and continuous- 
ly improved since, it is em- 
ployed there to increase 
the productivity of oil and 
gas wells. Hydraulic frac- 
turing is increasingly play- 
ing a key role in the ex- 
ploitation of geothermal 



FIG. 4 I THE GROSS SCHONEBECK BOREHOLES 




The paths of the borehoies and the geoiogicai profiie around 
the Cross Schonebeck research area. Red represents the aider 
borehoie E CrSk 3190, dating from a naturai gas expioration 
in 1990. Blue indicates the geothermai borehoie Ct CrSk 4/05 
from 2007, which is 4,400 meters deep. 

heat, as well, since cost-effective conversion of geothermal 
heat into electric power requires not only a sufficiently high 
temperature as mentioned above, but also a stable supply 
of large quantities of thermal water. 

In order to provide this supply, the rock layers must be 
highly porous and have a good permeability, i.e. a high pro- 
portion of hydrologically-connected pores (hot fractured 
rock). This permits a high rate of percolation and a good 
flow rate to the boreholes. However, at depths where the 
temperature is around 150° C, the natural permeability is 
usually limited. The stone must be artificially fractured in 
order to permit an unobstructed water circulation. In ad- 
dition to producing a far-ranging system of fractures, con- 
nections to water-bearing cleavages are opened up. Stimu- 
lation creates the Enhanced Geothermal Systems already 
mentioned above. 

In hydraulic stimulation, within a short time a fluid un- 
der high pressure, usually water, is injected through a bore- 
hole. The pressure of the fluid is greater than the stresses 
present in the rock formations, and thus it widens already 
existing fractures in the stone, connects them, and opens 
new cleavages. If necessary, the stimulation fluid is loaded 
with a support medium to secure the fractures being 
opened up, for example with small ceramic spherules of ca. 
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Fig. 5 A nitrogen test in 2007 at the borehole 4/05 in Cross 
Schonebeck (photo: GFZ). 



1 mm diameter. These lodge in the fractures and keep them 
open when the pressure is released. Stimulation produces 
an extensive system of fractures that provides flow chan- 
nels for the thermal water to the boreholes. They function 
both as transport paths and for heat exchange with a large 
interfacial area. 

The Geothermal Laboratory in Gross 
Schonebeck 

In order to develop practical approaches for new techno- 
logical methods and to solve problems encountered in test 
operations, demonstration plants are indispensable. The 
Helmholt2 Centre Potsdam - German Georesearch Centre 
(GFZ), within its research program “Geothermal Technolo- 
gies”, has set up a so-called in-situ geothermal research lab- 
oratory at Gross Schonebeck in the German state of Bran- 
denburg. It is the only installation worldwide for investi- 
gating the exploitation of geothermal heat from large 
sedimentary rock formations under natural conditions. It 
carries out hydrologic experiments and borehole measure- 
ments which yield information about the geological and hy- 
drogeological conditions at great depths. The experiments 
also give valuable indications of the behavior of the stone 
formations under the application of modern reservoir en- 
gineering methods such as hydraulic stimulation. 



Two boreholes over 4 kilometers deep give access to in- 
teresting hori2ons in the North German Basin at depths be- 
tween 3,900 and 4,300 meters and temperatures around 
150° C. They serve as a natural laboratory for investigating 
geological and technical aspects of drilling deep boreholes. 
Since 2001, a number of successful series of hydrologic ex- 
periments and borehole measurements, with emphasis on 
controlled increase of productivity in geothermal reposito- 
ries, have been performed (Figures 5 and 6). 

The main goal of these investigations is the solution of 
problems to support long-term, site-independent usage of 
geothermal resources. The emphasis lies on developing 
technical measures for controlled stimulation of various 
rock formations, in order to be able to utili 2 e geothermal 
heat everywhere where it is needed. The development, test- 
ing and optimi 2 ation of specific methods and processes rel- 
evant to geothermal energy is intended to make possible the 
construction of cost-effective geothermal heat and power 
plants on a long-term basis by introducing innovative con- 
cepts. Reservoir engineering knowledge gained e.g. from 
stimulation experiments is needed wherever fluids are 
transported underground using wells. Lessons learned from 
geothermal projects are useful for all underground systems 
where fluids are to be extracted from deep underground, 
or materials are to be stored at depth. The results of these 
investigations are thus also relevant to the topic of CO 2 se- 
questration. 

Along with stimulation procedures, new, innovative 
methods of opening up geothermal reservoirs and of di- 
rected drilling in the region of the reservoir are being ap- 
plied at Gross Schonebeck (Figure 7). The drilling of ge- 
othermal boreholes presents a particular challenge. The 
planned utili 2 ation of a geothermal reservoir over a times- 
pan of twenty to thirty years requires that the reservoir be 
opened with care and that secure drilling methods be used. 
The experience of the hydrocarbons industry (petroleum, 
natural gas), which is the leader in the area of drilling tech- 




Fig. 6 Thermal water brought up from the depths is collected 
and measured in containers, in later power-plant operation, 
the hot water produced and used will be returned undergro- 
und through a second borehole (photo: GFZ). 
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Fig. 7 A rotary bit in action during the driiiing in 2006107 at Cross Schonebeck. 
Steerabie driiiing systems aiiow the borehoie to be sunk in a preciseiy directed 
manner to kiiometer depths aiong horizontai, verticai and inciined paths 

(photo: CFZ). 



nology, is taken into consideration. The potential profits 
from exploration and development of oil and gas fields has 
driven important technical innovations. 

However, experience has shown that one cannot sim- 
ply adopt the methods of the hydrocarbons industry with- 
out modification, as the requirements of geothermal appli- 
cations are somewhat different. For example, new solutions 
for completion technologies as required specifically for ge- 
othermal applications must be developed and tested. ‘Com- 
pletion’ refers to finishing off the borehole, including the in- 
stallation of casing (Figure 8). Special goals for geothermal 
applications are minimal damage to the reservoir on open- 
ing it via boreholes, obtaining a maximal reservoir area 
through which thermal water can flow, and long-term pro- 
tection of the boreholes in a corrosive environment. This 
includes among other things increasing the drilling veloci- 
ty, applying measurement technology at depth to facilitate 
the use of directed drilling techniques, and monitoring for 
reliable operation. 

Experience shows that opening of a geothermal reser- 
voir will have a positive influence on its energy yield. This 
minimi 2 es the high costs and risks of the exploitation of ge- 
othermal reservoirs and increases the output flow of ther- 
mal water. Geothermal repositories can thus be prepared 
for the desired long-term usage and their production of ther- 
66 I mal water can be improved. In view of the increasing num- 



bers of geothermal installations, there is a considerable po- 
tential for cost savings. The results of these investigations 
are significant not only for users and for planning and en- 
gineering agencies, but also in view of the increasing in- 
terest in investments in geothermal energy, for the initiation 
of geothermal drilling and reservoir projects. 

An additional focus is on materials research. The high 
salinity of geothermal fluids can lead to an increased cor- 
rosion danger in the system components used and thus to 
massive problems for the operation of geothermal plants. 
In order to make the right choice of cost-effective materi- 
als suited to a particular site, investigations of materials qual- 
ity are also being carried out at Gross Schonebeck. A spe- 
cially-designed corrosion test installation for that purpose 
consists of a system of piping bypassing the above-ground 
thermal water circuit. In this system, the corrosion resis- 
tance of various metallic materials under realistic condi- 
tions is tested “m situ'\ on the basis of electrochemical mea- 
surements. A number of connecting valves allows the in- 
stallation of different model components (piping), materials 
samples, sensors and also a heat exchanger with varying in- 
terface materials, thus giving information about the dy- 
namics of corrosion processes in these subsystems. 

The research power plant in Gross Schonebeck is com- 
pleted with an ORC circuit that will permit the study of flex- 
ible operations procedures, e.g. for partial-load operation. 
The power plant cycle will be constructed in a modular de- 
sign, with three circuits, separated according to their work- 
ing media and containing preheaters, vapor generator, tur- 
bogenerator and condenser, among other components. 
These three modules will be charged one after the other 
with their thermal media, with each module designed for 
different process constraints. In this manner, efficient pow- 
er generation can be demonstrated. Furthermore, different 
components and working media can be tested under vary- 
ing simulated site conditions. The geothermal heat is trans- 
ferred to the power plant module via an intermediate cir- 
cuit. This has on the one hand the advantage that only one 
heat exchanger is required for the thermal water. On the 
other hand, all preheaters and steam generators make use 
of the same well-defined working fluid on their heat-input 
sides, which notably improves the quality of future com- 
ponent evaluations. Modifications of the intermediate cir- 
cuit also permit variations of the hot-water temperature. 

Utilization concepts applicable independently of the 
site will make possible a broader usage of geothermal re- 
sources even outside geothermal anomalies such as regions 
of volcanic activity. The results of investigations at the Gross 
Schonebeck reference site are thus a precondition for wide- 
spread industrial-scale exploitation of geothermal energy in 
the North German Basin and elsewhere. 

Need for Further Research 

In December, 2006, a seismic event of magnitude 3.4 on the 
Richter scale was registered in Basel, Switzerland. This event 
attracted public attention to deep-level geothermal energy 
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and its risks. It is particularly important that the experience 
gained there be used constructively in future geothermal 
project planning. The earth’s underground is complex and 
heterogenous. Every potential project site requires exten- 
sive preliminary geological investigations and a concept for 
its implementation which takes into account the particular 
characteristics of that site. Seismic monitoring deserves spe- 
cial attention; it forms the basis for estimates of the seismic 
risks and scenarios for minimi 2 ing them. These preliminary 
investigations should already form the basis for weighing 
the pros and cons of the project. In geothermally favorable 
regions such as the Upper Rhine Graben, the natural risk of 
seismic activity is generally higher than for example in the 
North German Sedimentary Basin, where seismic activity is 
hardly to be expected. 

On the basis of well-founded research, the next step to- 
wards utilization of geothermal energy can and must be tak- 
en. Demonstration projects accompanied by scientific mon- 
itoring, which do not aim at rapid commercial success, are 
especially important. Research and development, pilot 
plants and demonstration installations have laid the ground- 
work in recent years for many successful geothermal pro- 
jects in Germany. Deep-level geothermal energy is still how- 
ever in its infancy, the technological challenges are great, 
and they will require time to be overcome. Successes and 
failures must be combined in a reasonable manner, data and 
experience must be exchanged and evaluated. Solutions to 
problems and best-practice scenarios must be developed on 
this basis and made available to future project planners. 

The population needs to be involved in this process. 
The great opportunities of geothermal energy - but also its 
problems and uncertainties - have to be communicated to 
the public and understood. A successful development and 
wide application of geothermal energy sources will be pos- 
sible only with the acceptance and support of the public 
on a broad scale. 

Outlook 

In Germany, geothermal energy today contributes only a 
minor amount to the overall energy supply; however, in re- 
cent years it has shown notable growth. The first installa- 
tions for coupled heat-and-power production have begun 
operation. They demonstrate that geothermal resources rep- 
resent an interesting potential for the energy economy un- 
der local geological conditions. 

Independently of these positive developments, the ex- 
perience with established and currently-planned projects 
shows that there is still a great need for further research and 
development work. This is especially true of electric pow- 
er generation using geothermal resources. At our latitudes, 
that requires accessing of geothermal resources at a depth 
of 4 to 5 kilometers. With the current state of the technol- 
ogy, this involves risks and high initial investment costs, and 
demands site-specific solutions to problems. In order to 
pave the way for industrial-scale utilization of geothermal 
resources, technologically and economically feasible con- 
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Fig. 8 The installation of piping to secure the shaft is part of the so-called borehole 
completion (photo: GFZ). 



cepts and strategies must be developed which will guaran- 
tee secure planning and economically competitive opera- 
tion of the plants. Only in this way will they offer a solid 
basis for project investments. 

Systematic further research and development ap- 
proaches with emphasis on reducing costs and risks as well 
as accessing geothermal reservoirs in a way which will max- 
imize productivity are of prime importance for progress in 
geothermal energy usage. The research results and experi- 
ence gained at reference sites such as Gross Schonebeck or 
the European HDR Pilot Project in Soultz-sous-Eorets, Al- 
sace (Prance) represent global benchmarks for research and 
development on EGS systems. Processes and methods 
which are succesful at these sites can be utilized world- 
wide at sites with similar geological features. They can con- 
tribute to strengthening the as-yet minor contribution of ge- 
othermal resources to the world’s energy supply. I 67 






Summary 

The increasing calls for base-load power generation from sus- 
tainable energy sources and ambitious goals for climate pro- 
tection reguire long-term and effective development of geot- 
hermal applications. The complexity of geothermal systems 
makes a holistic approach necessary, taking into account the 
interactions of all the components, from accessing the reser- 
voir to the generation of electric power. There is need for re- 
search in the technology for locating and engineering the 
reservoirs in order to increase their productivity, thus achiev- 
ing cost-effective operation of the plants. Furthermore, the 
above-ground components must be optimized in terms of per- 
formance. Demonstration projects play an especially impor- 
tant role in this process. In Central Europe, the Enhanced Ge- 
othermal Systems technologies (EGS) are at the focus of de- 
velopment. They apply hydraulic stimulation to artificially 
increase the water permeability and heat-exchange area of 
the deep rock formations and thereby improve the produc- 
tivity of the reservoirs. EGS technology is particularly suitable 
for sites which are not cost effective in their natural state. 
Around 95 % of the reservoirs in Germany could be exploited 
with this technology. 
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Biofuels 

Green Opportunity or Danger? 

BY Roland Wengenmayr 



Biofuels of the first generation show a sober- 
ing balance: They don’t necessarily release a 
smaller amount of greenhouse gases than 
fossil fuels. Large-scale cultivation of energy- 
yield plants in addition threatens food pro- 
duction and ecosystems. Hopes now rest on 
the second generation - and on completely 
new processes. 

W ithin a short time, the image of biofuels plummeted 
from being a beacon of hope to a suspected cause 
of famine and the destruction of ecosystems. Detailed analy- 
ses have revealed just how complex the social and eco- 
nomic consequences of an energy harvesting method that 
requires great areas of valuable farmland for its large-scale 
deployment can be. In addition, the conversion of primeval 
forests, natural CO 2 sinks, into cultivated areas worsens the 
climate balance [1,2]. Furthermore, intensive cultivation of 
energy-yield plants, e.g. corn or sugar cane, in regions of low 
rainfall also burdens the water supply, as has been shown 
for example by investigations in China and in India. The In- 
dian government has in the meantime abandoned its goal 



of increasing the proportion of biofuels used from 5 % to 
20 % of the total vehicle fuel consumption by 2012, in view 
of their competition with the cultivation of food plants. 

At least today’s biofuels of the so-called first generation 
exhibit a precarious balance. These include bio-alcohol 
(ethanol) from starchy plants and biodiesel from oil-con- 
taining high-yield energy plants (Figure 1). The climate bal- 
ance of some production systems can even be worse than 
that of the fossil fuels they were supposed to supplant. A 
major portion of the blame for this results from the use of 
massive quantities of nitrogen fertilizers for cultivating the 
energy-yield plants; the fertilizers release large amounts of 
the greenhouse gas nitrous oxide (‘laughing gas’). The at- 
mospheric chemist Paul Crutzen (winner of the Nobel Prize 
for chemistry in 1995) calculated that biodiesel from rape- 
seed alone is up to 1.7 times more harmful in terms of cli- 
mate change than fossil diesel fuels at their best [3] . 

Just how critical the situation is can also be seen e.g. 
from the disaster surrounding the EIO motor fuel in Ger- 
many. A major portion of German drivers have boycotted 
this fuel out of fear that it could damage their engines; but 
they are confirmed in this behavior by the generally poor 
image of biofuels. EIO stands for a 10 % admixture of bio- 
ethanol in the usual gasoline, while E25, which has been 
used in Brazil since the late 1970s, has 25 % added ethanol. 





FIG. 1 I BIOFUELS OF THE FIRST GENERATION 
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Above: The princi- 
ple of production 
of biogas from 
starchy plants and 
organic refuse - 
the spectrum 
ranges from 
energy corn to 
manure. Biogas 
consists of 50-70 % 
methane, while 
the rest is mainly 
CO 2 . The latter is 
separated out 
when the biogas is 
to be used as 
vehicle fuel (not 
yet mature for 
commercializa- 
tion). Below: 
Production of 
synthetic diesel 
(and related fuels) 
using the biomass- 
to-liquid process, 
starting from 
dried plant mater- 
ial (straw, wood 
shavings, etc.). 
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FIG. 2 I BI OMETHANE AND BIOFUELS OF THE SECOND GENERATION 
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In the case of diesel, B7 for example stands for a 7 % frac- 
tion of biodiesel. In the face of massive criticism from the 
OECD and from NGOs, the European Union has in the 
meantime revised its goal of increasing the proportion of 
biofuels in the overall vehicle fuel consumption to 10 % by 
2020. The goal still stands, but only insofar as 40 % of these 
biofuels must be from the so-called second generation. 
These are synthetic fuels which can be produced from var- 
ious kinds of biomass, including plant refuse, manure and 
household garbage. Eigure 2 shows also how bio-methane 
is produced; it is occasionally included among the biofuels 
of the second generation. 

The energy and climate-change balance of the different 
generations of biofuels from the sun to the fuel tank will be 
discussed comprehensively by Gerhard Kreysa in the fol- 
lowing chapter. He also makes an estimate based on the cur- 
rent state of knowledge of just what contribution biofuels 
can make to the future energy supply for humanity. In spite 
of all the criticisms, they still have the potential to con- 
tribute a socially and ecologically acceptable proportion of 
the energy consumed for transportation. This is especially 
important for the fast-growing area of air travel, since for air- 
craft, practically only liquid fuels can be used, owing to their 
high energy densities. 

Two later chapters also deal with the future of biofuels. 
Nikolaus Dahmen and his co-authors from the Karlsruhe 
Institute of Technology (KIT) in Karlsruhe, Germany, intro- 
duce their patented bioliq® process for the production of 
second-generation synthetic fuels. This process is already 
well on the way to being commerciali 2 ed. In contrast, bio- 
fuel from algae is still a dream for the future; it would re- 
quire no valuable farmland. Carola Griehl and her co-au- 
thors from the Anhalt University of Applied Sciences in 
Kothen, Germany, and the KIT summarize the state of re- 



search in this field. Eor future vehicle fuels from a wide va- 
riety of bio-materials, a number of other fascinating ideas 
and research projects are in the works worldwide. The re- 
mainder of this chapter describes some interesting exam- 
ples. 

Ethanol from Cellulose 

In the long term, the production of biofuels could be rev- 
olutionized by technologies which open up new methods 
for using resources or make use of completely new re- 
sources. One of these possibilities is cellulose. The forests 
of the earth produce 10^^ tons of cellulose annually from 
CO 2 and water during their growth phases [4] . Cellulose 
could become one of the major energy sources in the fu- 
ture. 

Chemically, cellulose is a polysaccharide, a polymer sug- 
ar molecule containing many monomer units. It can in prin- 
ciple be split up into its simpler monomer sugars, e.g. glu- 
cose. The latter can then be fermented to yield alcohol as 
a fuel component (pulp alcohol). However, cellulose is 
chemically very stable. Current technologies for splitting it 
must overcome its stability. They first convert wood into 
pulp; it is then split chemically by sulphuric acid. Howev- 
er, the acid destroys a part of the sugar molecules obtained 
in this process. Eurthermore, a major portion of natural cel- 
lulose cannot be split in this way, namely monocrystalline 
cellulose, which is particularly stable [5] . As a result, the cur- 
rent technology is too inefficient for fuel production. 

Scientists at the Max Planck Institute for Carbon Re- 
search in Miilheim, Germany, have therefore developed an 
alternative process which is considerably more efficient [5] . 
Eirst of all, it makes use of the discovery that the liquid salt 
alkyl methyl imidazole, a so-called ionic liquid, can dissolve 
cellulose. This dissolved cellulose must then be decom- 




posed into glucose. This is accomplished by an acidic sol- 
id-state catalytic system, which was developed in Miilheim. 
It decomposes the long-chain molecules into short chains 
and can then be readily recovered from the reaction prod- 
ucts. In the final step, cn 2 ymes cleave these short chains in- 
to simple sugars. 

This Miilheim Process is very efficient and can split even 
monocrystalline cellulose. An additional advantage is that 
it can be applied to many types of plant remains, even to 
untreated wood. However, it will require further research 
before it is ready for use on a broad technical scale. A ma- 
jor problem is the high price of the ionic liquids; in an in- 
dustrial process, they would therefore have to be recovered 
to a large extent and recycled. 

Genetic Technology for Biofuels 

Around the world, a number of research groups are work- 
ing on the idea of employing genetically-modified mi- 
croorganisms to produce biofuels. The goal is to convert the 
bio-material into fuel in the gentlest possible manner with 
respect to resource consumption, for example via a highly 
efficient utili 2 ation of biogenic wastes. 

A prominent example demonstrates the enormous in- 
terest in the applications of genetic technology on the part 
of industry: the Energy Biosciences Institute at the 
Lawrence Berkeley National Laboratory in California, found- 
ed in 2008 by the Nobel Pri 2 e winner and current US Min- 
ister of Energy Steven Chu, is being co-financed by the pe- 
troleum concern BP with a half-billion dollars [6] . There are 
already numerous smaller start-up firms in this area, and not 
only in the USA. 

An example is the Butalco company in 2ug, Swit 2 er- 
land, co-founded by the microbiologist Eckhard Boles from 
the University of Erankfurt. One of its projects involves ge- 
netically modified yeasts, which in fermentation yield the 
more energy-rich butanol instead of ethanol. This should 
permit an increase in the energy efficiency of the fermen- 
tation process by 40%. The yeast must however first be 
made resistant to high butanol concentrations. The Butal- 
co process in addition chemically cleaves the cellulose in 
plant waste, for example straw, by the addition of hy- 
drochloric or sulphuric acid, and thereby makes it accessi- 
ble to fermentation by the modified yeast. Butalco has op- 
erated a pilot plant since 2010, together with the Universi- 
ty of Hohenheim, near Stuttgart [7] . 

Splitting cellulose into exploitable sugars is thus not on- 
ly a goal of catalysis researchers, but also of genetic tech- 
nologists. At the Technical University in Vienna, for exam- 
ple, the research group of the process technologist Christ- 
ian Peter Kubicek has been experimenting for some time 
with the mold fungus Trichoderma reesei. With the en- 
2 ymes that it produces, this mold can effectively decom- 
pose cellulose-containing fibers into sugar. Kubicek’s group 
has now succeeded in decoding the genome of this mold. 
They hope to be able to optimi 2 e it for fuels production. 



Alongside bio-alcohol petrol replacements, the “genetic 
energy technologists” are naturally also working on diesel 
or kerosene manufactured by microorganisms. One candi- 
date is genetically modified coli bacteria, which can pro- 
duce biodiesel-like esters. The systems biologist Uwe Sauer 
from the Eederal Polytechnic University in Zurich carries 
out research on them, for example. He consults for the Cal- 
ifornian start-up LS9, which is experimenting with small pi- 
lot plants [8] . 

The new field of synthetic biology is pursuing the rad- 
ical and distant goal of designing completely new microor- 
ganisms for fuel production. This will certainly remain in 
the realm of science fiction for some time to come. Even 
the current research which uses existing microorganisms is 
constantly running up against the problem that manipula- 
tions of the genes regulating their metabolism causes com- 
plex side effects. These can give rise to unfavorable changes 
in the characteristics of the microorganisms, in the worst 
case making them non-viable. 

These ideas have stirred up discussion as to whether 
such modified or completely new organisms might have 
negative effects on the environment if they should some- 
how be released from the bioreactors. Supporters of the re- 
search respond to this criticism by noting that the artificial 
organisms would hardly be viable in the - for them - harsh 
natural environment. Nevertheless, it is in the interest of fu- 
ture fuel producers to carefully and critically consider the 
risks entailed by such radical new production methods. Af- 
ter all, the current situation of the producers of first-gener- 
ation biofuels offers an example of how quickly public opin- 
ion can change direction, followed by that of the politicians. 

Summary 

Today’s first-generation biofuels exhibit a critical balance. Cul- 
tivation of energy-yield plants consumes valuable farmland 
and can cause famines in poorer agricultural countries and 
destroy irreplaceable biotopes. Furthermore, the massive use 
of nitrogen-containing fertilizers can contribute to a serious 
greenhouse effect through emissions of nitrous oxide. Hope 
for the future is based on second-generation biofuels and bio- 
gas, which can be produced from various biogenic wastes. In 
the more distant future, cellulose or algae could provide the 
raw material for biofuels. Genetically modified microorgan- 
isms could also be employed in biofuels production. 
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Biofuels are Not Necessarily Sustainable 

Twists and Turns around 
Biofuels 

BY Gerhard Kreysa 



Germany is the European champion in the production of biodiesel, by a large margin [1]. The fraction of the 
total European production (EU-27) of 5.71 million liters in 2007 that was manufactured in Germany amount- 
ed to 50. 7%, a factor of 3.3 more than France, second on the list. Of the 6.29 million tons ofrapeseed harvest- 
ed in Germany in 2009, 38 % came from the three states of Mecklenburg-Western Pomerania, Saxony-Anhalt, 
and Brandenburg [2]. Thus, the land of the famous German novelist Theodor Fontane has become a world 
center of biodiesel production. But this development, which began with great euphoria and sounded like a 
German success story of sustainable resource usage, now bears a number of ecological and economic ques- 
tion marks and has become a sensitive topic of political discussions. A peculiar, almost tragic aspect of this 
saga is the fact that thoroughly reasonable and honorable technical, ecological and economic motives led in 
the end to a situation in which the resulting reality largely undermines the original goals. We consider in this 
chapter how this could happen and discuss the case in some detail. 



T WO driving forces have propelled the idea of biofuels: 
On the one hand, the limited future for the exploitation 
of fossil fuels, which today still dominate our energy sup- 
ply; and on the other, the steady rise of the CO 2 content of 



... with its linked long-term reservoirs. The figure shows the carbon content of the 
reservoirs, reversible flows and uni-directional flows (italics), and the derived 
residence times for CO2 in each compartment and in the whole cycle (a: year). 



the earth’s atmosphere which is caused by burning those 
fuels, and its role in climate change via the greenhouse ef- 
fect. 

The Rational Basis - the Carbon Cycle 

We dispense here with the usual discourse flaunting the lat- 
est numerical data on the amounts of coal, petroleum and 
natural gas remaining underground, the difference between 
reserves and resources, and the relation between the 
amounts already consumed and those remaining (peak-oil 
discussion); instead we refer the reader to the literature [3] . 
The danger is still too great that such numbers would have 
to be updated, as were the estimates of the Club of Rome 
[4] , which proved to be too low The secure reserves of all 
fossil primary products today, in spite of intensive extrac- 
tion in recent decades, are still two to four times greater 
than at the time of the first oil crisis in 1973 [5] . This at first 
surprising statement becomes understandable if one re- 
members that the expensive business of exploration for 
new deposits is financed by only a rather small portion of 
the profits from fossil raw materials production. In a mar- 
ket-oriented system, no generation is willing to accept high 
price supplements for raw materials to finance exploration 
for the benefit of arbitrarily many future generations. These 
system-immanent uncertainties however in no way modify 
the fact that all of our raw materials are available only in fi- 
nite quantities. 
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If we leave the superficially-correct economic delibera- 
tions out of consideration for the moment, then it would ac- 
tually be preferable if we were facing immediate exhaustion 
of our fossil raw materials. The greater the de facto reserves, 
the more irrational is their complete exploitation, since their 
combustion will shift the earth’s atmosphere back to a state 
which it once had, long before the appearance of human 
beings, and for which there is not the least evidence that it 
would be compatible with our continued existence. Figure 
1 shows the carbon cycle in a somewhat unusual depiction, 
which is limited to those components that together can be 
termed the ‘fast carbon cycle’. The numbers there for the 
carbon content of the reservoirs and its rate of flow be- 
tween them were adopted from the IPCC [6] . The net flows 
between the components atmosphere, land, and surface 
oceans (down to a depth of ca. 700 meters) are in the range 
of 1 Gt of C/a and demonstrate that equilibrium has not 
been established between these reservoirs. The most im- 
portant perturbing factor is the anthropogenic input of 
around 8 Gt C/a into the overall cycle due to the combus- 
tion of fossil raw materials. 

In contrast to the unidirectional net flows, there is a 
very rapid, bidirectional CO 2 exchange between the at- 
mosphere and the land as well as the surface oceans. Con- 
siderations similar to those applied to reaction kinetics in- 
dicate that the residence times in these coupled reservoirs 
are quite short and are in the range of 3.6 to 18.7 years. 

It is much more enlightening, however, to look at the 
overall cycle instead of considering the individual reser- 
voirs. For the residence time of carbon in this cycle as a 
whole, the net drain of 1 .8 Gt C into the deep oceans is rel- 
evant, and leads to a value of 2190 years. The significance 
of this statement becomes apparent through a comparison 
with nuclear power. For the direct final storage of spent nu- 
clear fuel elements, the lifetime of the radiotoxicity is over 
100,000 years. If, however, the fuel elements are re- 



processed and their long-lived plutonium is recycled back 
to the power reactors, this lifetime is reduced to around 
1,000 years [7]. This comparison shows that waste dispos- 
al of anthropogenic CO 2 confronts humanity with similar 
problems to those from the use of nuclear power. Wolf 
Hafele, a former chairman of the board of the Jiilich Re- 
search Center, often spoke even 20 years ago of the prob- 
lem of ‘fossil waste disposal’, to point up this analogy. In re- 
cent years, several model calculations have been published 
[8-10], and they all confirm the extremely slow natural de- 
cay constant for CO 2 which has been introduced into the 
cycle. 

The anthropogenic fossil input amounts to only 7 % of 
the exchange flow between the atmosphere and the land. 
The value 120 Gt C/a corresponds to the annual photo- 
synthesis activity through assimilation. The equally large 
backflow is due to roughly equal parts of respiration and 
microbial decomposition [11]. The fact that photosynthe- 
sis exceeds the anthropogenic CO 2 production 19-fold has 
for decades been a strong motivation for substituting fossil 
energy carriers by raw materials from the biomass, since the 
latter are produced by growing plants. Liquid biofuels seem 
especially attractive, offering a similarly high energy densi- 
ty to that of the fossil fuels, and requiring no essential mod- 
ifications of the infrastructure for motor transportation. 
Bra 2 il took on the role of trailbla 2 er in this area more than 
20 years ago with its use of bioethanol. In 2007, the frac- 
tion of biofuels used in Germany as primary motor fuels al- 
ready amounted to 7.3 %, of which three-fourths consisted 
of biodiesel [1]. 

In Table 1, the various types of biofuels, their chemical 
constituents, their raw materials, conversion processes and 
their development status are shown comparatively. Only 
the fuels of the first generation are at present technically 
available on a large, industrial scale. Worldwide, bioethanol 
and biodiesel are quantitatively predominant. Now that the 



TAB. 1 


PRODUCTS AND PROCESSES FOR BIOFUELS 






Biofue 




Chemical Constituents 


Raw Materials 


Process 


Development Status 


First Generation 


Biodiesel 


Fatty-acid methyl esters 


Fats and oils 


Esterification 


Commercial 


Bioalcohols 


Ethanol, butanol 


Starch, sugars 


Fermentation 


Commercial 


ELBE 




Ethyl-t-butyl ether 


Starch, sugars 


Fermentation/synthesis 


Commercial 


Second Generation 


BtL 




Hydrocarbons 


Lignocellulose 


Gasification, Fischer-Tropsch synthesis 


Pilot plants 


Methanol 


Methanol 


Lignocellulose 


Gasification, synthesis 


Pilot plants/research 


DME 




Dimethyl ether 


Lignocellulose 


Gasification/methanol/synthesis 


Pilot plants/research 


Bioalcohols 


Ethanol, butanol 


Cellulose, hemicellulose 


Digestion/fermentation 


Pilot plants/research 


Tailor-made Fuels and Fuel Constituents 


Synfuel 




Hydrocarbons 


Lignocellulose 


Gasification/methanol/synthesis 


Pilot plants/research 






Lactones, ethers, furanes etc. 


Cellulose, hemicellulose 


Synthesis 


Basic research 






Aromatics 


Lignin 


Synthesis 


Basic research 



The features of various concepts for manufacturing liquid fuels from the biomass, after Leitner [12]. I 73 





Relative Greenhouse Effect 



initial euphoria has evaporated, the experts are largely in 
agreement [12-16] that the biofuels of the first generation 
can at best be seen as an interim solution, particularly in Eu- 
rope, and for a variety of reasons cannot be considered sus- 
tainable. 

The destruction of rain forests to obtain land for culti- 
vating oil plants, which are for the most part then used to 
produce biofuels, is particularly absurd and reprehensible. 
This fuel is even exported to Europe! Here, again, a detailed 
examination of the carbon cycle makes the danger appar- 
ent: of the roughly 2,260 Gt of carbon stored on the land 
surface of the earth, only about one-fourth is in the plants; 
the remainder is mainly stored in humus near ground level 
[11]. When the forest is cleared, this humus is for the most 
part converted rapidly and irreversibly back to CO 2 . Since 
the later biomass-biofuel cycle is at best neutral with re- 
spect to CO 2 , the net result is an extensive shift of carbon 
from the land into the atmosphere and the oceans. 

Hopes are thus currently focused on the second-gener- 
ation biofuels. The most technically advanced is the total 
gasification of biomass and subsequent synthesis of liquid 
fuels using the Eischer-Tropsch process. Recently, clear-cut 
progress has also been made in the fermentative production 
of bio-alcohols from cellulose and hemicellulose. The di- 
gestive pulping of lignocellulose is proving to be more dif- 
ficult, and it is the subject of intensive research. 

A Critical Discussion of Several Criteria 

Eundamentally, every potential technical solution for the 
substitution of fossil-fuel combustion must meet several cri- 
teria, which determine whether it is reasonable to carry it 
through. In the following, for clarity we distinguish between 
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... including the release of nitrous oxide from nitrogenous fertilizers (data from [ 18 ]). 



elimination criteria and economic criteria. A first elimina- 
tion criterion is the carbon balance with respect to the 
greenhouse effect. It must include the entire process chain 
and all of the relevant greenhouse gases (GHG). Repeated- 
ly, GHG balances have been published, even by reputable 
organizations such as the OECD, which left certain aspects 
out of consideration [17]. We have Crutzen [18] to thank 
for first compiling GHG balances for biofuels and compar- 
ing them; in particular, for taking into account the emis- 
sions due to changes in land use as described above (which 
were not included e.g. in [1]), and also the release of N 2 O 
from the necessary fertilizers. His results are summarized 
in Eigure 2. 

The relative greenhouse effect gives a quantitative 
description of the greenhouse effect which would result 
from utilization of a biofuel, including the whole produc- 
tion chain from cultivation of the plants to combustion of 
the fuel, relative to that resulting from the same energy re- 
leased by combustion of a fossil fuel (diesel). The green- 
house effect refers to the storage of solar heat in the earth’s 
atmosphere. Since the release of N 2 O, whose greenhouse 
effect is nearly 300 times stronger than that of CO 2 , is sub- 
ject to considerable fluctuations depending on weather con- 
ditions and fertilizer usage, the results of such a compari- 
son have wide margins of uncertainty. Nevertheless, the 
comparison shows that with the exception of bioethanol 
from sugar cane in Brazil, the greenhouse effect from 
biodiesel and bioethanol is greater than that from the CO 2 
released by burning conventional fossil fuels. This is not ac- 
ceptable in the long term and represents an effective elim- 
ination criterion, assuming that further careful investiga- 
tions, which are extremely complex, confirm these results. 
The probability of this is high. 

An elimination criterion which is somewhat more read- 
ily accessible is the net ener gy gain . This quantity requires 
some explanation, since, according to the Eirst Law of Ther- 
mo-dynamics, it should always be negative, because energy 
cannot be created, only converted to other forms, and that 
is always accompanied by losses. Even the concept of ‘en- 
ergy loss’ is thermodynamically not admissible; generally, it 
refers to ‘waste heat’ which cannot be used in the process 
considered and results as an unwanted byproduct from en- 
ergy conversions. 

In considering sustainable energy sources for the sub- 
stitution of fossil energy carriers, it is therefore usual not to 
take into account the solar energy used, either directly or 
indirectly (e.g. as the potential energy of water utilized for 
hydroelectric power generation). Eor biofuels, the area- 
based net energy gain results from the harvest yield of bio- 
mass per hectare and the corresponding fuel equivalent 
(i.e. the amount of diesel fuel which would release the same 
heat of combustion as the biofuel manufactured from that 
biomass), minus the overall input of energy from fossil fu- 
els (from the fertilizer factory through land preparation and 
cultivation on to the biofuel tank) required for the manu- 
facture and use of the biofuel. The energy gain thus defined 
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can indeed be negative, and in that case it represents a clear- 
cut elimination criterion. 

To be sure, up to now there have been relatively little 
reliable data on this quantity published in the literature 
[19], and careful calculations of the energy balance for the 
many variants of cultivation and manufacture of biofuels 
are still lacking. Therefore, the Agency for Renewable Re- 
sources (FNR) [1] gives no data on the net energy gain. In- 
stead, it makes use of a somewhat different definition of the 
net energy yield. The gross energy yield denotes the ener- 
gy content of the biomass harvested per hectare and year. 
The (gross) fuel yield [1] represents the energy content of 
that amount of fuel which can be manufactured from the 
harvested biomass. The net ener gy yield [1], on the oth- 
er hand, is a measure of the energy from non-renewable 
sources which can be saved by using the biofuel instead. It 
corresponds to the energy content of the fossil fuel saved 
(i.e. gasoline or diesel fuel plus the energy required for its 
production and distribution), minus the total of the fossil en- 
ergy consumed for the overall production of the biofuel. 
The energy content of coupled production such as coarse 
colza meal or glycerin is taken into account and contributes 
to a positive balance. With a view to the potential for sub- 
stituting fossil fuels and reducing carbon dioxide emissions, 
this quantity makes sense. However, as explained above, it 
is not sufficient as a criterion for evaluating the greenhouse 
effect. 

The net energy yields published by the FNR [1,20] can 
be used to make a comparison between varous methods of 
biofuels manufacture and alternative energy-related con- 
cepts for use of the land. Figure 3 shows the results of such 
a comparison. There, we have computed how far one could 
drive an automobile using the net energy yield from one 
hectare of agricultural land (a diesel consumption of 5 1/ 
100 km, corresponding to 490 Wh/km, was assumed for the 
automobile). This cruising range provides a meaningful 
efficiency criterion. 

As one can see from the figure, the biofuels of the first 
generation (bioethanol and biodiesel) give a range of around 
23,000 km. From the biofuels of the second generation, 
which are for the most part still under development [12], 
about 65,000 km can be expected. An only slightly lower 
range can already be obtained with technology available to- 
day for biomethane production. 

However, it is particularly interesting to consider an- 
other alternative. Instead of growing energy-yield plants, 
one cultivates rapid-growth plants (such as poplar or wil- 
low trees) or miscanthus (miscanthus sinensis). On the av- 
erage, an amount of biomass can be produced in this way 
with a heat content of 55 MWh per hectare (compare the 
data in [21]). The resulting biomass can be mixed without 
problems into the coal burned by a modern coal-fired pow- 
er plant (efficiency 45 %), generating electric energy amount- 
ing to 24.8 MWhg in a C02-neutral manner. The resulting 
cruising range of 123,800 km is found by assuming 80 % ef- 
ficiency for storage batteries and an energy consumption of 



1 60 Wh/km for the electric automobile. Analogously to BtL 
(biomass to liquid), this method of using the biomass as fu- 
el is termed BtE (biomass to electricity). Independently of 
the three computations of the present author [22] shown 
in Fig. 3, the FNR has published a similar figure [20] (with- 
out the BtE variant), where the values differ only slightly and 
which meanwhile can be seen in Wikipedia [23]. 

Based on the data from the most recent FNR study [I], 
Table 2 sets out and compares the various possibilities for 
converting solar energy into traction. As emphasized above, 
the cruising range as computed from the net fuel yield is a 
meaningful efficiency criterion. This range is also directly 
proportional to the reduction in CO2 emissions achieved. 
Regarding avoidance of CO2 emissions, biomass to elec- 
tricity on the basis of miscanthus is thus 6.4 times more ef- 
fective than the production of biodiesel from rapeseed. If 
one uses palm oil instead, the effciency is doubled. This is 
the origin of the rather disastrous developments mentioned 
above: Many developed countries began importing palm oil 
from developing countries with the goal of efficient pro- 
duction of biodiesel. Palm oil in the meantime dominates 
worldwide production of plant oils, with an annual harvest 
of 45 million tons, of which 87 % originates in Indonesia 
and Malaysia [2] . In Germany, two-thirds of the rapeseed oil 
from the annual harvest of 6.3 million tons of rapeseed is 
converted to biodiesel. In 2009, the EU-27 countries con- 
sumed 16 million tons of oil seeds for bioenergy; this is 
nearly equal to the whole amount imported, 17.3 million 
tons. In order to free up land for palm-oil cultivation, enor- 
mous areas of tropical forest were cleared. This change in 
land usage released large amounts of carbon dioxide which 
was previously bound in the biomass and especially in hu- 
mus. It has been pointed out by Michel [25] that it will take 
425 years for CO2 fixation processes to bind the CO2 that 
was set free by clearing rainforest land for palm-oil cultiva- 
tion. 

FIG. 3 I CRUISING RANGES OF AUTOMOBILES ... 



23,200 km 


Bioethanol from grain 


bs 

21,500 km 


Biodiesel from rapeseed 


BS 

19,800 km 


Rapeseed oil 



64,600 km Biomass to Liquid (BtL) 



58,000 km Biomethane 



Biomass to Electricity (BtE) 



137,200 km 



. achievable using the annual energy yield from 1 hectare of land. 




These problems have been recognized by a number of 
countries. National governments and the EU are therefore 
working together to give tax advantages only to biodiesel 
which was produced in a sustainable manner. 

The direct utilization of solar energy via photovoltaics 
or solar-thermal plants is considerably more efficient than 
any method based on photosynthesis can be. The poor ef- 
ficiency of photosynthesis, around 0.5 % (next-to-last col- 
umn in Table 2), which in effect should obviate the use of 
the biomass as an energy carrier, espe- 
cially in the form of first-generation 
biofuels, was emphasized by Michel 
[25]. He also emphatically dampened 
any hopes of being able to increase the 
efficiency of photosynthesis by genet- 
ic manipulation. For comparison to the 
biofuels, therefore, the cruising range 
of an electric auto powered by direct 
usage of solar energy via photovoltaic cells is also given in 
Table 2. In this estimate, the data refer to an existing solar 
park in Lieberose [24] with an efficiency of only 10 %, and 
it was also taken into account that only about 0.3 ha of 
module area can be arrayed on one hectare of land. 

The last column in Table 2 shows the overall efficiency 
for the use of solar energy to power road vehicles, taking 
into account the efficiencies of the different drive trains 



(gasoline engine, diesel engine, electric motor). The clear 
superiority of photovoltaics is apparent. It becomes notably 
higher when one takes account of e.g. the module area on 
rooftop installations and considers the more expensive, but 
already available solar cells with still higher efficiencies. 

Finally, it is of interest also to ask the question as to 
whether the available potential for the use of bioenergy is 
sufficient to cover the energy demands of humanity. In an 
earlier publication [5], the author has already shown that 
the bioenergy available from the entire 
area of land currently in use for agri- 
culture on the earth (measured as the 
energy content of the biomass pro- 
duced annually) just corresponds ap- 
proximately to the current annual 
worldwide energy consumption. This 
makes it clear that it is impossible to 
supply the energy needs of the human 
race completely from bioenergy. 

Considerations of this kind have given rise to a clear-cut 
rethinking, at least among political advisors. The WGBU 
(Scientific Council on Global Environmental Change of the 
German Federal government) recommended at the end of 
2008 that subsidies of liquid fuels be terminated and the 
money spent instead on electric vehicle research and de- 
velopment [26] . We quote here some of the reasons given 
in the text: 



LARGE AREAS OF RAIN FOREST 
ARE BEING CLEARED TO MAKE 
LAND AVAILABLE FOR 
PALM-OIL CULTIVATION 



TAB. 2 COMPARATIVE CONSIDERATIONS 




“Technological policies on the usage of bioenergy for 
transportation must be redirected. Subsidies of liquid 
biofuels for motor vehicles cannot be justified in terms 
of sustainability criteria, particularly in industrialized 
countries.” 

“The quotas for mixing of biofuels into gasoline and 
diesel fuels should not be increased, and the current ad- 
dition quotas should be reduced to zero over the next 
three to four years.” 

“The highest efficiencies in the use of the biomass as 
an energy source for transportation are obtained by elec- 
tric power generation and the use of electrically-pow- 



Bioethanol from grains 


51.00 


15.28 


14.44 


23185 


0.510 


0.038 


pansion of electric transportation should be put in 


Bioethanol from sugar beets 




36.67 


33.33 


53505 




0.087 


place” 


Bioethanol from sugar cane 




37.50 


32.22 


51721 




0.084 


The urgency of following these recommendations is rein- 


Bioethanol from corn 




21.94 


11.11 


17835 




0.029 


forced by the concerns which are increasingly expressed 


Bioethanol from lignocellulose 




5.83 


5.00 


8026 




0.013 


not only in the public media, but also in the professional lit- 


Biodiesel from rapeseed oil 


18.30 


14.44 


10.56 


21542 


0.183 


0.034 


erature [15], arising out of a critical consideration of the 


Biodiesel from palm oil 




40.00 


20.83 


42517 




0.067 


competition between the cultivation of energy-yield plants 


Biodiesel from soybean oil 




5.83 


5.56 


11338 




0.018 


and food production, and in light of the continuing growth 


Rapeseed oil 




14.72 


9.72 


19841 




0.031 


of the human population. The suggestions of the WBGU re- 


BtL (Dena. Choren) 




37.50 


31.67 


64626 




0.101 


garding increased subsidies for electric transportation have 


Biomethane 




49.44 


36.11 


57963 




0.094 


meanwhile been taken up by the German Federal govern- 


Biohydrogen 




45.00 


33.33 


53505 




0.087 


ment, not only in its support for research, but also in the 


Fast-growth wood with BtE 


51.00 


23el 




114750 


0.510 


0.184 


framework of the Economic Stimulus Package II. The po- 


Miscanthus with BtE 


61.00 


27.5el 




137250 


0.610 


0.220 


litical will to opt out of support for liquid biofuels is, in 


Photovoltaics (data from [24]) 10.000 


321 el 




1.56 Mio 




2.568 


contrast, visible at most in small gestures. A weak but still 



(Data from [1 ] unless otherwise indicated.) 



noticeable signal went out from the Energy Taxation Act, 





which includes a stepwise increase in energy taxes on 
biodiesel and plant oils over the coming years [1]. 

As yet, the errors with respect to biofuels have not been 
universally perceived and above all have not been consis- 
tently corrected. Some scientists and in particular some 
politicians are again raising hopes whose seriousness ap- 
pears questionable at best. The newest rescue scheme for 
bioenergy involves the use of algae. However, well-ground- 
ed studies from industry [27] indicate that optimism is mis- 
placed here, since even very favorable assumptions lead to 
a negative net energy gain, i.e. the production of biofuels 
from algae requires more energy - without taking into ac- 
count the solar energy input - than is stored in these fuels. 
An additional and very plausible confirmation of this state- 
ment results from considerations undertaken by Buchholz 
[28] . If one assumes that algae can be grown up to a dry 
weight of 10 g per liter of water, and that 70 % of this dry 
material consists of energetically uti- 
lizable hydrocarbons, then one is deal- 
ing with a 0.7-percent solution. Oil 
sands which can be obtained by strip 
mining are currently considered un- 
profitable if they contain less than 6 % 
hydrocarbons. This is by no means an 
argument against continuing research 
into algae, with the intensified goal of 
obtaining valuable and useful natural 
products; but their use as a source of bioenergy will remain 
an illusion for a long time to come, if not forever. 

Conclusions 

To avoid misunderstandings, we note that the considera- 
tions on the utilization of the biomass as an energy source 
and on the production of biofuels given here do not justi- 
fy a total, unconditional exit scenario from biofuel research 
and production. Owing to the increasingly intense compe- 
tition between food production and energy-yield plants for 
the scarce resources of agriculturally usable land in the fu- 
ture, in the mid- and longer term there will however be no 
reasonable justification and indeed no necessity to use 
arable lands for producing biofuels. 

In contrast, it is eminently sensible to continue to ex- 
amine carefully the potential utilization of processes which 
have already been developed, and those which are still to 
be developed, for obtaining energy from biogenic wastes of 
every kind. Of course, here again the requirement that the 
net energy balance should be positive represents an exclu- 
sion criterion. The relevant energy balances which will per- 
mit a definite judgment on this question must be deter- 
mined more extensively and more precisely than has thus 
far been done. 

Furthermore, it has to be remembered that liquid bio- 
fuels, like other liquid fuels, offer the advantage of a very 
high energy density. For a number of applications, this ad- 
vantage will continue to be essential in the future. An ex- 
ample is air transportation, since it will hardly be feasible 



to operate aircraft using batteries or fuel cells. Long-haul 
freight transport also stretches the limits of electrical mo- 
bility, at least until cost-effective fuel cells, including the 
necessary infrastructure for their fuel supplies, are avail- 
able. During this interim period, electric vehicles will prob- 
ably mostly be equipped with a ‘range extender’ to increase 
their cruising range; i.e. an internal-combustion engine that 
operates at constant rpm and generates on-board power for 
the drive motor. For this purpose, liquid biofuels of the sec- 
ond generation could prove useful. Prognoses in this area 
are however very unreliable, since all the approaches as- 
sume that the mobility behavior of the public will remain 
unchanged, and this is by no means certain. For example, 
the electric vehicle of the future could be without excep- 
tion a rental car, which can be exchanged for another ve- 
hicle with a fully-charged battery after its short cruising 
range of ca. 200 km is spent. 

After years of intensive support for 
research into liquid biofuel produc- 
tion, the lobbyist interests in industry 
and agriculture have become almost 
insuperably powerful. This is under- 
standable, particularly from the view- 
point of those who accepted the of- 
fers of long-term subsidies in good faith 
and have on that basis invested in in- 
dustrial installations. Here, a nearly in- 
soluble conflict has arisen in the short term between the 
justified claims on legal certainty, and the necessity of eco- 
logically and technically reasonable actions. A one-sided at- 
tribution of blame to politicians would however be neither 
appropriate nor justified. We must not forget that the set- 
ting of priorities for the subvention of biofuels, which to- 
day seems in retrospect to have been wrong, was not a sin- 
gle-handed political decision, but rather the result of an in- 
tensive process of debate and deliberation. Many of the 
hopes for subvention and support have been fulfilled, but 
a certain tragedy remains in the fact that ecology, climate 
protection and social justice were not served well. All those 
concerned can now only ask that a lesson be learned from 
such mistakes and that in the future, similar undesirable de- 
velopments should be avoided by using foresight in mak- 
ing careful evaluations and estimates of the consequences 
of large-scale actions. 

Summary 

The annual consumption of CO2 by photosynthesis is much 
greater than its anthropogenic production. This suggests that 
the biomass should be utilized as an energy carrier, and has 
provided strong motivation for the development of biofuels. 
In many cases, however, the use of biofuels violates the prin- 
ciples of sustainability. Meeting the world's energy reguire- 
ments by using the biomass would reguire all of the available 
arable land area on the earth. This realization has unleashed 
a critical discussion of the alternatives ‘food or fuel'. From the 
viewpoint of energy efficiency and ecological compatibility. 



DUE TO THE RELEASE OF N2O 
FROM FERTILIZERS, 

A REDUCTION OF THE 
GREENHOUSE EFFECT OFTEN 
REMAINS ILLUSORY 





the cultivation of rapid -growth wood and its combustion in 
electric power plants would be preferable to the direct use of 
biofuels. By far the most efficient utilization of solar power is 
through photovoltaic cells and solar-thermal plants. Howev- 
er, because of their high energy densities, liguid biofuels of 
the second generation will find application in the future where 
electric-powered transport runs up against its limits. 

This chapter was printed with the kind permission of Che- 
mie in unserer Zeit. 
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Biofuels from Algae 

Concentrated Green Energy 

BY Carola Griehl I Simone Bieler | Clemens Posten 



Out of roughly a half-million species of algae, 
thus far about 220 macroalgae and 15 mi- 
croalgae are being used for commercial pur- 
poses, for nutrition and animal feed and as 
ingredients for cosmetics. Given the threaten- 
ing climate change and increasing scarcity of 
fossil fuel resources, research is continuing on 
using algae as alternative energy carriers. 

T here are an estimated 500,000 different species of al- 
gae on the earth. Only a small fraction of these, ca. 220 
macroalgae and 15 microalgae, are being utilized commer- 
cially for foodstuffs, animal feed, and cosmetic ingredients. 
Algae are highly interesting as sources of biofuels. First-gen- 
eration biofuels have come in for criticism, and second-gen- 
eration biofuels (see the previous chapter), although they 
can offer a more favorable economic and ecological bal- 
ance, are limited in their overall production by the available 
areas of arable land. 

Algae, on the contrary, represent no competition to food 
production, since they can be grown on land areas which 
are not agriculturally productive. They offer many advan- 
tages as compared to terrestrial energy-yield plants; in par- 
ticular, they produce biomass much more efficiently, with 
yields of up to 150 tons per hectare annually. In addition, 
they utilize CO2 from the air more efficiently than terres- 
trial plants on a per-hectare basis, and permit the use of 
C02-containing exhaust gases. Closed algae production 
plants would use less water than conventional agriculture. 
Effluents or fermentation wastes are good sources of phos- 
phates and nitrates for algae. Not least, the entire biomass 
of the algae can be utilized, and it can be harvested year- 
round. 

Current research is aimed at making this biomass of the 
“third generation” ecologically and economically suitable 
for large-scale practical use. An important criterion for ef- 
ficiency is the net energy gain, which must be positive (see 
previous chapter). 

A Renewable Resource 

Algae are water plants with a simple structure. They occur 
either as single-celled microalgae which can form colonies. 



or as many-celled macroalgae, up to 60 meters long (sea- 
weed, kelp). While macroalgae grow mostly in the coastal 
regions of the oceans, the microalgae, which can take many 
different forms, usually float among the phytoplankton in 
ponds, lakes, rivers and oceans. 

Like all green plants, algae fill their energy requirements 
by means of photosynthesis, which releases oxygen. In this 
process, they utilize the energy of sunlight, and CO2 as a car- 
bon source to assemble their cellular material (biomass). 
Photosynthesis produced the oxygen-rich atmosphere of 
our planet. It is estimated that the plankton algae in the 
oceans bind 2 • 10^® tons of carbon annually into their pho- 
tosynthesis products. They thus take up nearly half of all the 
CO2 which enters the atmosphere each year. Without them, 
the CO2 concentration in the atmosphere would increase 
from its current value of 380 ppm to an estimated 565 ppm. 
For each kilogram of biomass that they produce, the algae 
consume ca. 1 .8 kg of CO2. This value increases still further 
if they are induced to make a higher proportion of chemi- 
cal storage substances such as oils or carbohydrates. 

Algae are the most important primary biomass produc- 
ers on earth. Plankton algae are especially productive: In wa- 
ter with a high concentration of nutrients (nitrates, phos- 
phates), the plankton biomass formed each year is 2-6 tons 
per hectare, and in the case of an algal bloom, even as much 
as 60 tons [I] . Likewise, the productivity of the macroalgae 
is also considerable, amounting to 10-36 tons per hectare 
and year, and contributes 10 % of the overall marine primary 
biomass production [2] . 

Algae thus represent an important potential sustainable 
resource, which can be enhanced still further by cultiva- 
tion. Although the efficiency of photosynthesis and bio- 
mass production is limited by several factors, in practice 
currently 2 to 5 % PCE can be attained, depending on the 
cultivation system. (PCE stands for photo-conversion effi- 
ciency and denotes the fraction of the light energy which 
is converted to chemical energy.) Algae thus utilize the 
sunlight for the formation of biomass and natural products 
much more efficiently than terrestrial plants do (PCE < I %). 
Eor example, with microalgae in systems using open basins, 
ca. 10-30 (max. 50) tons of dry biomass per hectare and 
year (t ha”^ a”^) can be obtained; in glass tubular reactors, 
as much as 80-150 (max. 200) t ha”^ a”^ The yields from 
macroalgae grown by aquaculture, ca. 50-85 t ha”^ a”^ of 
dry biomass [3], are notably higher than those from high- 
yield terrestrial plants (rape: 4.2 t ha”^ a”^; miscanthus 
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Fig.1 Production systems for algae, from left: Dunaliella in open ponds in Eilat (Israel); Chlorella in glass tubular PBR in Klotze 
(Saxony-Anhalt, Germany); Scenedesmus in flexible tubular PBR in Kothen (Saxony-Anhalt, Germany) (photos: R. Wiffels, 
Wageningen; Anhalt University of Applied Sciences). 



sinensis: 25 t ha ^ a ^), which in addition require irrigation 
and fertili2ers. 

Production Methods 

Microalgae can be cultivated either in basins (open ponds) 
or in closed systems, i.e. in photobioreactors (PBR, see 
Fig. 1). Their production costs, depending on the location, 
the species of algae, and the cultivation system, are currently 
between 3 5 and 50 €/kg. Due to their low investment and 
operating costs, at present open pond systems predominate 
worldwide. In such systems, however, controlled and cont- 
amination-free growth is not possible, and the PCE values 
and biomass concentrations achieved remain modest. 

Reproducible, contamination-free and highly productive 
cultivation demands the use of closed photobioreactors 
(PCE values up to 5 %). These also require less land area 
with higher yields. They in addition make more efficient use 
of CO2 per volume than the open systems. However, their 
investment and operating costs are notably higher. There are 



tubular and plate reactors, each of which has its advantages 
and disadvantages. Worldwide, glass tubular systems are pre- 
ferred for high-quality products. These are utilized in Ger- 
many, Israel and India to manufacture algal biomass or the 
pigment astaxanthin. The world’s largest installation is in 
Klotze, in Saxony-Anhalt, Germany. Its 500 km of tubing 
contain 600,000 liters and yield ca. 60 tons of biomass in a 
half-year of operation between spring and autumn. 

The Dresden firm GICON developed the prototype of a 
new design for photobio-reactors, which increases the bio- 
mass yield appreciably as compared to the usual tubular 
systems and is currently being optimized at the Anhalt Uni- 
versity of Applied Sciences in Kothen. 

Production of Chemical Energy Carriers 
from Microalgae 

The algal biomass contains lipids, proteins, and carbohy- 
drates as chemical energy carriers. From them, sustainable 
liquid energy carriers such as bioethanol and biodiesel may 



TAB. 1 



ENERGY EXTRACTION FROM MICROALGAE 



Energy Carrier 
Energy Content 


Manufacturing Process 


Development Status 


Advantages/Disadvantages Compared 
to Energy-Yield Plants 


Biodiesel 

i 

10.2kWh/kg 

^=37MJ/kg 


Esterification 


Pilot-plant scale; 

~75 % of pilot plants in the USA 
{Solazyme, Solex Biofuels, etc.), 
13 % in Europe (Biofuel Systems, 
Spain, etc.) 


+ high oil content 
+ suitable fatty-acid profile 
+ comparable quality to fossil sources 

- high investment costs 

- high manufacturing costs 


Bioethanol 

i 


Fermentation 


Currently no applications 


- high manufacturing costs 

- low process efficiency 


7.4 kWh/kg 
26.8 MJ/kg 


Extracellular product 
concentration 


Pilot plants in the USA and Mexico 
(Algenol) 


+ high process efficiency 
+ low costs 

- poor long-term stability 


Biohydrogen 
2.75 kWh/m^ 

9.9 MJ/m^ 


Oxygen -free intra- 
cellular production 


Research/laboratory scale 


+ simple apparatus technology 
+ low investment costs 
- low productivity 


Biomethane 

10 kWh/m^ 
^36 MJ/m^ 

(up to 16 MJ/kg 
of dry biomass) 


Fermentation 


Research; pilot plants in Narbonne, 
France (open pond, fermentation 
of the whole algal biomass) 


+ high efficiency 

+ technology and plants available 
+ minimal investment costs 
+ waste algal biomass suitable as substrate 
+ wet biomass can be utilized 
+ recycling of CO 2 from biogas to the algae systems 
is possible 
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be manufactured, as well as gaseous products like methane 
or hydrogen (see Table 1 and Fig. 2). 

Current research is focused on biodiesel production. It 
is being supported in particular in the USA with several 
100 million $, which has led to the founding of ca. 200 
firms. The air transportaton industry relies on liquid fuels, 
due to their high energy densities. It is therefore develop- 
ing an aircraft fuel from algae, which is planned to replace 
kerosene in a stepwise process. In Germany, owing to the 
available infrastructure, work is being carried out inten- 
sively on the fermentation of algal biomass to biogas. 

Biodiesel and Kerosene Substitutes 

Many species of microalgae store fats as reserve materials 
(triacyl glycerides, a major component of lipids), from 
which biodiesel can be obtained. Under normal conditions, 
they produce 15-30 % of their dry weight as lipids. Under 
stress or limited nutrition, they yield larger quantities of 
fats, which can be converted into biodiesel by esterification 
with methanol. If their supply of nitrogen is limited, for ex- 
ample, the algae can no longer synthesi 2 e proteins. Since 
they still try to store their converted light energy, they in- 
stead make more fats. In order to obtain biodiesel of the de- 
sired quality (DIN EN 14214) from the algae, one requires 
exact knowledge of the influence of the cultivation para- 
meters (composition of the medium, pH value, tempera- 
ture, light intensity). These have a strong effect on the pro- 
file of the fatty acids formed. 

The potential of many species of microalgae to produce 
oil has been the subject of laboratory research [4] . Select- 
ed species are currently under investigation in various pi- 
lot and production plants. In June, 2010, the EADS concern 
demonstrated the first flight of an aircraft powered by al- 
gal fuel. In spite of its higher energy content than kerosene, 
it cannot compete with the latter in terms of cost. For that, 
the area-specific investment costs, the requirements for 
process energy and the efforts needed for conditioning are 
still too great. Here, further research is necessary to find bet- 
ter technical solutions. 

Considered purely from the viewpoint of energy, 
biodiesel from microalgae is attractive. The algae could 
theoretically achieve a PCE value of 8-10 % and could thus 
produce biomass energy at a rate of up to 8,030 GJ ha”^ 
a”^ Such a value has, to be sure, not yet been achieved in 
practice. Depending on the oil content of the algal bio- 
mass, specific energy contents between 18.0 megajoules 
per kg (MJ kg'^) for an oil-free biomass and 37.9 MJ kg'^ for 
pure algal oil can be obtained. If an increase of the PCE 
from currently 2-5% to 6. 5% can be achieved, then at an 
oil content of 25 %, yields of nearly 230 tons of biomass per 
hectare and year, and over 60,000 liters of oil are possible 
[5] under proper conditions of climate and insolation. For 
rapeseed, the yield is currently not quite 1,200 liters of oil 
per hectare and year. Microalgae could thus permit a con- 
siderably higher area-specific yield than conventional en- 
ergy-yield plants. 



FIG. 2 I AN ALGAL BIO-REFINERY 




However, up to now there has been no computation of 
the net energy balance. Furthermore, the overall costs are 
high. Present estimates assume that using current technol- 
ogy, for the production of 1 kg of biodiesel from algae with 
an energy yield of 40 MJ/kg (25 % lipid content), roughly 
152 MJ of energy must be invested. The single step of sep- 
arating out the fats consumes 85 % of this process energy 
requirement [6] . Much research is still needed. 

Bioethanol 

Many species of macroalgae, but also some microalgae, store 
the energy of sunlight in their cells in the form of carbo- 
hydrates. These can be fermented to give ethanol, i.e. al- 
cohol. However, for currently available processes, the car- 
bohydrates must first be removed from the cells. This de- 
creases the efficiency and increases the cost; thus, these 
processes have not been commercially successful. 

At present, genetically optimized cyanobacteria are be- 
ing utilized to extract the intracellular alcohol formed from 
within the cells and into the liquid medium, so that the 
cost-intensive product separation step can be dispensed 
with. The first pilot plants for ethanol production in this 
manner have been built in the USA and Mexico. 

Increasingly, macroalgae are being used for the pro- 
duction of bioalcohols. They grow rapidly and can be har- 
vested up to six times a year. Brown algae contain up to 
55 % of various sugars, which after extraction can be con- 
verted to alcohols. 

Biogas and Hydrogen 

The fermentation of algal biomass (from micro- and macroal- 
gae) to biogas, a mixture of methane, carbon dioxide and 
trace gases, is being investigated on a laboratory scale and 
in the first pilot plants. Currently, methane yields of 0.2 
(2 kWh/kg) to 0.5 mVkg (5 kWh/kg) are attainable [2,3], I 81 









The methane yield per kilogram of dry mass obtained from 
algae is thus better than that from the best plant substrates 
(corn silage: 0.35 mVkg, i.e. 3.5 kWh/kg). An advantage of 
this process is the existence of an already established tech- 
nology in the form of a widespread network of biogas in- 
stallations. The utili2ation of the (waste) algal biomass in 
wet form distinctly reduces the process energy required. 

A completely new approach to methane production 
from algae, without intermediate preparation of biomass, is 
under investigation at the Universities of Leip2ig, Karlsruhe 
and Bremen. These researchers are aiming to produce bio- 
gas directly from CO2 in a two-chambered solar module. 
Compared to classical biomass fermentation, the area-spe- 
cific yields are higher by a factor of ten. Here, an algal 
biofilm in the first chamber, using a special process, converts 
the products of photosynthesis into a substance (glycolates) 
which can be used by methane bacteria in the second cham- 
ber to produce usable methane directly [7] . 

Microalgae can also yield hydrogen photobiologically 
[8] , if they are kept on a restricted diet. The basis for this 
process is likewise an intervention into the photosynthet- 
ic system. Hydrogen production from algae has the advan- 
tage that, as in ethanol production, no energy-intensive sol- 
id-liquid separation steps are required. Disadvantages are 
however the high sensitivity of the process towards oxygen 
and its low productivity. 

Conclusions 

Energy conversion using photovoltaics or wind power 
plants is currently more efficient than using algae to pro- 
duce biofuels. However, in addition to fuels, a number of or- 
ganic compounds can be obtained from the algae, which are 
currently synthesi2ed starting from petroleum raw materi- 
als: Plastics, textiles, dyes, pharmaceuticals, fertili2ers and 
washing agents. Since our resources of petroleum are lim- 
ited, biotechnology using microalgae must be further de- 
veloped in Germany to yield sustainable resources. Its po- 
tential can be utili2cd most effectively if optimi2ed photo- 
bioreactors are employed to produce valuable substances 
as coupled products, making use of environmental pollu- 
tants such as CO2 from power plants, or nitrate- and phos- 
phate-containing waste water, while the remaining algal bio- 
mass is dedicated to energy-carrier production. 

Future production platforms might consist of highly ef- 
ficient photoreactors in Central and Southern Europe, sim- 
ple plastic installations in desert areas or brackish swamp 
regions in the tropics, or floating basins in nutrient-poor 
ocean bays. Microalgae have proved their potential, and the 
technical developments are well on their way to reali2e it 
in an economically and environmentally suitable manner. 



Summary 

C02~neutral fuels can be obtained from algal biomass: 
Bioethanol, biodiesel, methane and hydrogen. Thanks to the 
high efficiency of their metabolisms, algae can yield higher 
biomass harvests per surface area and time than the energy- 
yield plants that have thus far been used. They reguire no 
arable lands and can make use ofC 02 which would otherwise 
be harmful to the climate. The key to sustainable biofuel pro- 
duction lies in minimizing all the costs and simultaneously 
maximizing the productivity of microalgae, including them in 
a bio-refinery concept. 
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The Karlsruhe bioliq® Process 

Synthetic Fuels from the Biomass 

BY Nicolaus Dahmen | Eckhard Dinjus | Edmund Henrich 



Biofuels could replace a portion of the cur- 
rently-used fossil energy carriers in the near 
term. To make this possible, raw materials 
produced over wide-spread areas would have 
to be made accessible to industrial users of 
fuels and chemical raw materials on a large 
scale. The two-stage gasification concept 
biolig® offers a solution to this problem. 



F ossil energy carriers form the basis of today’s energy 
supplies. Even though predictions of the time remain- 
ing until they are completely exhausted differ widely, there 
can be no doubt that they will in the long run be used up. 
As current trends in the prices for petroleum and natural 
gas on the world market demonstrate, even minor pertur- 
bations on a global scale can occasionally produce serious 
price rises with corresponding negative effects on the 
world’s economy. A consistent utilization of renewable en- 
ergy sources would alleviate these uncertainties and would 
at the same time contribute to a reduction of CO 2 emissions 
into the atmosphere. 

While hydroelectric power, geothermal heat, solar en- 
ergy and wind power are suitable primarily for the pro- 
duction of electric power and for space heating, the bio- 
mass, uniquely among sustainable carbon sources, can play 
an important role in the production of motor and heating 
fuels as well as of organic starting materials for chemical 
synthesis. 

Biogenic fuels can - even in the short term - replace a 
portion of the present fossil energy sources and thereby 
make a contribution to the reduction of CO 2 emissions in 
the transportation sector. The aspects mentioned above, to- 
gether with existing legal and economic requirements, are 
contributing to increased political and economic pressure 
to search for solutions. For example, the EU requires in a 
recent Directive that the fraction of biogenic motor fuels of 
the total used must be increased to 10 % by the year 2020. 
The major portion of this should consist of biofuels whose 
potential for reducing CO 2 emissions (i.e. savings on carbon 
emissions in comparison to fossil fuels) amounts to at least 
60 % (currently 35 %). 




Such a potential for reduction of CO 2 emissions is char- 
acteristic of the fully synthetic biogenic fuels of the second 
generation, also known as BtL fuels (Biomass-to-Liquid). 
They can be produced using a broad palette of possible 
raw materials and even employing whole plants. These can 
be agricultural and forest residues such as straw, waste for- 
est wood, or all the other dry biomass, including energy- 
yield plants. BtL fuels have the advantage that they are pur- 
er and more environmentally friendly than petroleum-based 
fuels. Furthermore, they can be adjusted to meet special re- 
quirements, for example from the automobile manufactur- 
ers, and the ever stricter exhaust emission norms. They can 
be directly utilized within the distribution infrastructure 
which is already in place today, requiring no new engine 
technology, and they support the same vehicle operating 
ranges as petroleum-based motor fuels. 

obstacles to the Use of the Biomass 

In comparison to the use of fossil energy carriers, the pro- 
duction of synthesis gas from the biomass is more complex 
and more expensive. Therre are several hurdles to the tech- 
nical application of biomass fuels on a large scale. 

For one thing, the biomass accumulates over wide- 
spread geographical areas and therefore has to be collect- 
ed and transported, often over long distances. In particular, 
less valuable biomass such as straw or forest wood residues 
have a low volumetric energy density (baled straw ca. 
2 GJ/m^, as compared to 36 GJ/m^ for diesel fuel). Here, the 
question arises as to the distances over which it is eco- 
nomically and energetically reasonable to transport these 
materials. In addition, there is a great variety of potentially 
usable biomass materials. The processes employed must 
guarantee the utilization of the largest possible bandwidth 
of raw materials. Biomass furthermore consists of hetero- 
geneous solid fuels with to some extent differing chemical 
compositions; and solid fuels in principle require a greater 
processing effort. 

Making use of already established technologies, e.g. for 
the processing of fossil-fuel raw materials, helps to shorten 
the development phase and reduce risks. In particular, the 
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CONCEPT 



FIG. 1 
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The decentral-centrally deployable bioslurry gasification concept envisages the 
production of an energy-rich inter-mediate, which can be economically transported 
over longer distances, and can then be converted to synthesis gas and fuels in large, 
centralized installations. 



high ash content of many biomass materials causes prob- 
lems for thermochemical processes, for example due to cor- 
rosion or agglutination and blockage of the apparatus. ‘Ash 
content’ refers here to the proportion of salts and minerals 
present. 

Motor-fuel synthesis requires a tar-free, low-methane 
synthesis gas at high pressures of 30 to 80 bar, and the la- 
borious elimination of trace impurities which would act as 
catalyst poisons. On the other hand, this allows, or at least 




The process steps in the bioliq® Process. 



facilitates, meeting the stricter exhaust emission norms 
when the fuel is burned. 

Biomass materials, with their average chemical compo- 
sition of C 6 H 9 O 4 , yield on gasification a C/H ratio near to 
one, which is insufficient for the production of hydrocar- 
bons. This necessitates an additional process step, the wa- 
ter-gas shift reaction, in which - via addition of water - a 
part of the CO is converted into hydrogen and CO 2 . This 
leads however to poor carbon efficiency In the long run, 
it will be expedient to fill the additional hydrogen require- 
ments by utili 2 ing other sustainable energy sources. 

The biomass is taken from the biosphere, and this must 
in the long term be done in an ecologically compatible man- 
ner. Furthermore, the use of the biomass also has socio-eco- 
nomic aspects, since the new role for arable lands, grass- 
lands and forests as providers or processors of energy-yield 
raw materials requires the establishment of new logistics, 
income and labor structures. 

The Karlsruhe bioliq® Process 

At the Karlsruhe Institute of Technology (KIT), we have 
developed a biomass-to-liquid process intended to over- 
come these logistical and technical hurdles. The emphasis 
of our process lies in the use of relatively inexpensive and 
thus far mostly wasted biomass residues. The Karlsruhe syn- 
thetic motor fuel is produced by a process involving sev- 
eral steps, the bioliq® process [4, 5] (Figures 1 and 2). 

L Rapid pyrolysis: In a first step, the decentrally accu- 
mulated biomass is converted through rapid pyrolysis in- 
to pyrolysis oil and pyrolysis coke (see Figure 3). The air- 
dried biomass is chopped up and mixed with hot sand, 
which serves as heating agent, at ambient pressure and un- 
der exclusion of air in a double-screw mixing reactor for 
rapid pyrolysis (Figure 3). The heating, the actual pyrolytic 
conversion of the biomass particles at about 500° C, and the 
condensation of the resulting pyrolysis vapors all take place 
within seconds [6] . Depending on the operating parameters 
of the reactor and the biomass employed, 40-70 % of a liq- 
uid organic condensate (pyrolysis oil) and 15-40 % pyroly- 
sis coke are obtained. The remaining product is a non-con- 
densable pyrolysis gas, whose heat of combustion can be 
used for preheating the sand or for drying and preheating 
of the input materials. The mixing reactor used here was 
developed over 40 years ago by the industry as a ’’sand 
cracker“ for the rapid pyrolysis of various refinery products 
[7]. 

2. Slurry production: The brittle and highly porous 
pyrolysis coke is mixed with the pyrolysis oil to give a sus- 
pension, called bioslurry (Figure 4). For this process, the si2e 
distribution of the coke particles is important. Only when 
their si 2 e is sufficiently small is the resulting slurry stable 
over long periods of time and can be converted rapidly in 
the following gasification step. The energy density of the 
slurry relative to its volume is more than an order of mag- 
nitude greater than that of dry straw, and this is an advan- 
tage for its transport. Rapid pyrolysis is required at this 
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FIG. 3 I RAPID PYROLYSIS 




Schematic of the rapid pyrolysis process, which uses a double- 
screw mixing reactor to produce pyrolysis oil and pyrolysis 
coke, the precursors of bioslurry. 

point in order to obtain the ideal mixing ratio of pyrolysis 
condensates to pyrolysis coke for the preparation of the 
bioslurry This is in turn necessary for a complete utilization 
of both components [8,9]. 

3 . Flow gasification: The bioslurry is atomized with hot 
oxygen in a flow gasifier and is converted at over 1200° C 
to a tar-free and low-methane crude synthesis gas [10-12]. 
This flow gasification apparatus is similar to those devel- 
oped for gasification of Central German salty lignite (soft 
coal). It is especially well suited for an ash-rich biomass 
[13] . This is due to a cooling mantle onto which the ash pre- 
cipitates as molten slag and then drains out of the reactor 
(Figure 5). 

The suitability of this type of gasifier was demonstrat- 
ed in several test series using different bioslurries and op- 
erating parameters in the 3-5 MW pilot gasifier plant at the 
Future Fnergy company in Freiberg. Bioslurries with up to 
33 wt.-% of coke were tested, from which a practically tar- 
free, low-methane (< 0. 1 vol.-%) synthesis gas was obtained. 
It consists of 43-50 vol.-% carbon monoxide, 20-30 vol.-% 
hydrogen, and 15-18 vol.-% CO2. Gasification takes place un- 
der a pressure which is dependent on the synthesis to fol- 
low, thus avoiding costly compression of the synthesis gas. 
For example, Fischer-Tropsch synthesis requires pressures 
up to 30 bar, while the methanol or dimethyl-ether synthe- 
sis requires up to 80 bar. 

4. Gas purification and conditioning: Before use in a 
chemical synthesis, the crude synthesis gas must be purified 




Fig. 4 The products of the biomass pyrolysis are used to 
prepare an energy-rich, free-flowing intermediate: bioslurry. 



of particles, alkali salts, H2S, COS, CS2, HCl, NH3, and HCN. 
This prevents poisoning of the catalysts used in the fol- 
lowing synthesis step. 

5. Synthesis: The conversion of synthesis gas into motor 
fuels on a large scale is an established technology. For ex- 
ample, the Sasol concern uses the Fischer-Tropsch synthe- 
sis to produce more than six million tons of fuel from an- 
thracite coal annually [2]. Natural gas is also increasingly 
used with this process to yield synthetic products, includ- 
ing diesel fuel and kerosene; for example in the world’s 
largest GtL (Gas-to-Liquid) project PEARL, operated by Shell 
in Qatar. 

Methanol production, yielding on the order of many mil- 
lions of tons per year, is likewise an established process 
technology. Methanol is on the one hand directly usable it- 
self as a motor fuel. It is used for the synthesis of the anti- 
knock compound MTBE (methyl tertiary-butyl ether) and 
for the production of biodiesel through esterification of 
rapeseed oil, as well as being an input fuel for high-tem- 
perature fuel cells. Methanol also serves as an intermediate 
for a methanol-to-gasoline process, whereby high-octane 
gasoline is produced with great selectivity [3] . 

The Current State of Development 

Our work up to now in Karlsruhe demonstrates that even 
bioslurries with a high coke content resulting from biomass 
pyrolysis products can be completely and safely converted 
into a tar-free synthesis gas using pure oxygen in a flow gasi- 
fier at high pressures. This process is suitable for practical- 
ly all starting materials which yield a sufficiently stable con- 
densate for suspending the coke powder after rapid pyrol- 
ysis. 
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Now that the technical feasibility of the process has in 
principle been demonstrated by experiments with our own 
and with industrial equipment, the overall process is being 
further developed as rapidly as possible. For this purpose, 
we are currently setting up a pilot plant in Karlsruhe with- 
in the framework of a public grant and with industrial co- 
operation partners. It will have a biomass throughput of 
500 kg/h, and is intended to demonstrate and further 
develop the process, to show the practicability of the spe- 
cific process steps, to prepare for scaling-up to a commer- 
cially relevant size, and to allow the compilation of reliable 
cost estimates. The first of three constructional phases, the 
phase of biomass milling, rapid pyrolysis and continuous 
mixing of the bioslurry, was completed in 2008. The 
pyrolysis plant is operated together with the firm LurgiAG, 
Frankfurt. The 5 MWth gasification plant is also being con- 
structed in cooperation with this firm, and will be com- 
pleted in the near future, together with the further process 
steps of gas purification and fuel synthesis. The hot-gas pu- 
rification stage, developed in cooperation with the MUT 
company from Jena (Germany), consists of a ceramic parti- 
cle filter, a solid-bed absorber to remove acidic gases (HCl, 
H 2 S) and alkalis from the crude synthesis gas, and a catalytic 
reactor to decompose organic and nitrogen-containing trace 
contaminants. We expect clear-cut energy savings from this 
hot-gas purification in comparison to the usual scrubbing 
process carried out at low temperatures. 

FIG. 5 I THE FLOW GASIFIER 




Schematic drawing of the high-pressure flow gasifier, in 
which the bioslurry is converted to synthesis gas using pure 
oxygen at temperatures above 1200 °C 



In cooperation with the CAC concern from Chemnitz 
(Germany), we are constructing and operating the two-stage 
fuel synthesis plant. It utilizes methanol and dimethyl ether 
(DME) as intermediates and produces high-quality gasoline 
at a good yield. Unreacted synthesis gas is returned to the 
process. In 2012, the pilot plant will go into complete op- 
eration, including the whole process chain. 

Costs and Development Potential 

The Karlsruhe Biomass-to-Liquid process is particularly suit- 
ed to the requirements of the widely distributed biomass 
production from agriculture: The rapid pyrolysis and pro- 
duction of the bioslurry are carried out at a large number 
of decentrally located plants. They provide the decisive en- 
hancement in energy density needed for further economi- 
cal transport of the raw materials. The gasification and the 
following steps of gas conditioning and synthesis can then 
be performed at a large central installation of a size which 
makes it commercially cost-effective, and which is supplied 
with the bioslurry raw material by road or rail transport. 

In this way, using the bioliq process, a ton of synthetic 
fuel can be produced from about seven tons of air-dried 
straw. Up to 40 % of the energy originally present in the bio- 
mass remains in the liquid product. Byproducts are heat 
and electric power which can be used to fill the energy re- 
quirements of the entire process. 

In a possible scenario, about 40 rapid-pyrolysis installa- 
tions, each with a capacity of 200,000 tons of bioslurry an- 
nually, could be set up to supply a central gasification and 
fuel production plant with an annual capacity of a million 
tons of fuel. Then, at a price of 70 € per ton for the air-dried 
starting material, a production price of less than one € per 
kg of fuel could be realized [15]. With integration of the 
gasifier into an equipment network of, for example, the 
chemical industry, the diversification of the usable prod- 
ucts can also be broadened. Along with the methanol route, 
preferred in the Karlsruhe process, and in addition to DME 
which is under discussion as an alternative liquefied-gas fu- 
el, many oxygen-containing basic chemical products, the 
so-called oxygenates, can be produced. Ethylene and propy- 
lene, the starting materials for roughly half of the world’s 
plastics production, can also be synthesized in this way. Be- 
sides the option of the utilization of biomass as a source of 
carbon, necessary in the long term, economically favorable 
processes could also be developed in the foreseeable future. 

The focus for the process development is currently on 
low-grade biomass, which thus far has not been used at all, 
such as surplus grain straw, barn straw or waste wood. The 
use of solid wood is not seen as a fruitful solution in the 
long term. Even though this less problematic starting ma- 
terial might permit the technical realization of the process 
to be achieved more rapidly, it can be expected that the de- 
mand for solid wood will increase due to its uses in con- 
struction, for cellulose manufacture, and for decentralized 
and household heat and energy production. 




The accompanying systems analysis research [1,14] 
leads us to expect an annual production of about 5 million 
tons of synthetic motor fuel from the use of waste forest 
wood and surplus straw alone, together about 30 million 
tons of dry starting material. This corresponds to roughly 
10 % of the current consumption of petrol and diesel fuels 
in Germany [15]. Combined with other biochemical and 
physico-chemical processes, a still higher-quality utilization 
of the biomass, in the form of a biomass refinery, should be 
feasible. Similarly to today’s petroleum refineries, it would 
use a broad spectrum of raw materials to produce a variety 
of basic chemical products and fine chemicals, making use 
of synergy effects to increase economic productivity, which 
would result in a clear-cut reduction of the consumption of 
fossil resources by the chemical industry. 
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Summary 

Synthetic fuels from the biomass can provide an important 
contribution to a renewable energy economy. The Karlsruhe 
BtL concept bioliq® aims at bringing decentral production in 
line with centralized processing on an industrial scale. To this 
end, thermochemical methods are employed: rapid pyrolysis 
for the production of a readily transportable, energy-rich in- 
termediate product, and entrained-flow gasification to yield 
synthesis gas and to process it further into the desired fuels. 
The bioliq process was distinguished with the BlueSky Award 
by the UN Organization UNIDO in 2006. 



About the Authors 

Nicolaus Dahmen studied chemistry at the Ruhr 
University in Bochum, obtained his doctoral degree 
in 1992 and moved in the same year to the 
Karlsruhe Research Center, now KIT. There, he is 
currently concerned with the thermochemical 
transformation of biomass into gaseous, liguid and 
solid fuels. As project leader, he is responsible for the 
construction of the biolig® pilot plant. In 2010, he 
obtained his Habilitation at the University of 
Heidelberg. 





Eckhard Dinjus began his studies of chemistry in 
1963 at the Friedrich Schiller University in jena and 
completed his doctorate there in 1973. In 1989, he 
obtained the Habilitation, and thereafter he was 
leader of the Research group “ CO 2 Chemistry” of 
the Max Planck Society. Since 1996, he has been 
director of the Institutfor Technical Chemistry, now 
IKFT at KIT, and he occupies the chair of the same 
name at the University of Heidelberg. 




Edmund Henrich studied chemistry at the Universi- 
ties of Mainz and Heidelberg. He received his 
doctorate in Heidelberg in 1971 and the Habilitation 
in 1993 in the field of radiochemistry. He has 
worked at the Karlsruhe Research Center since 1974, 
and as Division Leader of the Institute for Technical 
Chemistry there, he is responsible for R and D 
activities relating to the Karlsruhe BtL process. Since 
2005, he has been extraordinary professor at the 
University of Heidelberg, and is professor emeritus 
there since 2009. 



Address: 

Dr. Nicolaus Dahmen, Dr. Eckhardt Dinjus, 

Dr. Edmund Henrich, Karlsruhe Institute for 
Technology (KIT), institut fuer Katalyseforschung 
und -technologic (IKFT), Postfach 3640, 

76021 Karlsruhe, Germany. 
nicolaus.dahmen@kit.edu 




The Solar Updraft Tower Power Plant 

Electric Powerfrom Hot Air 

BY JORG SCHLAICH | RUDOLF BERGERMANN | GERHARD WEINREBE 



A solar updraft tower - or solar chimney - power plant com- 
bines the greenhouse effect with the chimney effect, in order 
to obtain electrical energy directly from solar radiation. The 
plants must be very large, with towers 700 m and higher, to 
produce energy in an economically competetive fashion. 

F rom earliest times, humans have made active use of so- 
lar energy: Greenhouses aid in the cultivation of food 
crops, the chimney updraft principle was employed for ven- 
tilation and cooling of buildings, and the windmill for grind- 
ing grain and pumping water. The three essential compo- 
nents of a solar updraft tower power plant - a hot air col- 
lector, updraft tower, and wind turbines - have thus long 
been known and used. In the solar thermal updraft tower 
power plant, they are simply combined in a new way (Fig- 
ure 1). 

Around 1500, Leonardo da Vinci sketched an appara- 
tus which made use of the rising warm air in a chimney 
to turn a spit for roasting meat. Already in 1903, the 
Spaniard Isidore Cabanyes described a motor powered by 
updraft currents in his article “Project for a Solar Motor” 
in the journal “La Energia Electrica” [1]. The modern com- 
bination with a generator for producing electric power 
was first described by Hanns Gunther more than seventy 
years ago [2] . In the 1960’s and 70’s, the Frenchman Edgar 
Henri Nazare and the German Michael Simon worked on 
this topic. Nazare, however, intended to use a large tower 
to produce an artificial cyclone, without a collector. We 
took up the idea of an updraft tower with a collector and 
developed it further to its present-day form and to tech- 
nical maturity. 

After initial trials and experiments 
in a wind tunnel, in 1981/82 we were 
able to set up an experimental installa- 
tion in Spain. It operated successfully 
over a period of seven years. Since 
then, we have continued in our efforts 
to construct a commercial solar updraft 
tower power plant with high output 
power, thus far without success. 
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Operating Principles 

The principle of the solar updraft tower power plant is 
shown in Figure 1 (an animation of the operating principle 
can be viewed in [3]). Under a transparent roof, which is 
flat, circular, and open around its outer perimeter, the air is 
warmed by solar radiation (greenhouse effect); together 
with the natural ground below, the roof forms a hot air col- 
lector. At its center is a vertical updraft tower with large air 
inlets around its base. The roof is attached to the base of 
the tower by an airtight seam. Since hot air has a lower 
density than cool air, it rises in the updraft tower. The re- 
sulting draft pulls more hot air in from the collector, and at 
its perimeter, cooler air flows in. The solar radiation thus 
powers a continuous updraft in the updraft tower. The en- 
ergy contained in this air flow is converted to mechanical 
energy with the aid of pressure-staged air turbines which 
are mounted at the base of the updraft tower, and finally, 
using generators coupled to the turbines, it is converted to 
electrical energy. 

The solar thermal updraft tower power plant is techni- 
cally very similar to a hydroelectric plant - thus far the most 
successful type of power plant making use of sustainable 
energy sources: The collector roof corresponds to the wa- 
ter reservoir, the updraft tower to the penstocks. Both types 
of power plants utilize pressure-staged turbines, and both 
have low power-generating costs due to their extremely 
long lifetimes and their low operating expenses. The col- 
lector roof and the reservoir require comparable areas for 
the same power output. The collector roof, however, can 
be set up in arid desert regions and readily removed after 
its useful life, while as a rule, the reservoirs of power dams 
flood living (and often even inhabited) land. 

Continuous 24-hour operation can be achieved by us- 
ing water-filled tubes or sacks which are laid out on the 
ground under the collector roof. The water is heated dur- 
ing the day and releases its heat to the air at night (Figure 
2). The tubes need to be filled only once; there is no fur- 
ther water consumption. Thus, solar radiation can produce 
a continuous rising wind in the tower [4] . 

In order to mathematically describe the time-dependent 
production of electrical energy from a solar updraft tower 
power plant, a comprehensive thermodynamic and aero- 
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SOLAR UPDRAFT TOWER 





Operating principle of the solar updraft tower power plant 



Heat storage using water-piled tubes. 



dynamic model is needed [5]. A good description of the 
thermodynamics of the solar updraft tower power plant as 
a cyclic process is to be found in [6] . In the following, we 
explain the basic relations in simplified form. 

Generally speaking, the output power F of a solar up- 
draft tower power plant can be computed as the product 
of the solar energy input, Qsoiar, multiplied by the various 
efficiencies rj of the collector, the updraft tower, and the tur- 
bine: 

P — QsoXzv * ^plant ~ 5solar * VcoU * Slower * ^turbine* (1) 

The solar energy input into the system can be written as 
the product of the solar global radiation Gh onto a hori- 
2 ontal area, multiplied by the area of the collector. Aeon ' 

iQ solar ~ * A coll- 

The tower converts the heat current delivered by the col- 
lector into mechanical energy This consists of the kinetic 
energy of the convective flow and potential energy; the lat- 
ter corresponds to the pressure drop at the turbine. The 
density difference of the warm and cool air thus acts as the 
driving force. The column of lighter air in the tower is con- 
nected to the surrounding atmosphere at the base of the 
tower and at its top, and therefore experiences a lift or up- 
draft force. A pressure difference Aptot is established be- 
tween the base of the tower and its surroundings: 

^Ptot ~ B 'Jo ^ (Pa “ (3) 

Here, g is the acceleration of gravity, Ht the height of the 
tower. Pa the density of the surrounding air, and Pt the den- 
sity of the air in the tower. Thus, Ap^ot increases propor- 
tionally to the height of the tower. 

The pressure difference Aptot can be decomposed into 
a static component Ap^ and a dynamic component Ap^: 

( 4 ) 



Frictional losses have been neglected here. The static pres- 
sure difference equals the pressure drop at the turbine; the 
dynamic component describes the kinetic energy of the 
flowing air. 

Knowing the overall pressure difference Ap^^t and the 
volume current of the air in the system, i.e. the product of 
its mean transport velocity in the tower, Ctower . and the 
tower’s cross-sectional area Atower . we can now compute 
the power contained in the air flow: 

Plot — Apioi • Gower ■ Atower- (5) 

From this, finally, the thermo-mechanical efficiency of the 
tower can be given as the quotient of the mechanical pow- 
er in the flow with the thermal current Qtower = Qsoiar * ^cou, 
which is input into the system: 

Ctower = 7^- (6) 

Vtower 




The output power of the solar updraft tower plant is propor- 
tional to the collector area and to the height of the tower. 
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Apioi — Aps + Ap(^. 








The distribution over static and dynamic components in re- 
ality depends on how much energy is withdrawn from the 
air flow by the turbine. Without a turbine, a maximum flow 
velocity Ctower ,max Is attained, and the overall pressure dif- 
ference is converted entirely into kinetic energy, i.e. the air 
flow is accelerated: 



P = — rh'C (7^ 

tot 2 tower, max' 

where fk represents the mass flow rate (mass current) of 
the air. The flow velocity which results from free convec- 
tion can be determined by making use of the Boussinesq 
approximation, which summarizes the temperature-depen- 
dent density differences in the air in a ’’buoyancy term“ [7] : 



^tower, max 



2-^-^tc 



AT 

To 



( 8 ) 



with Tq the temperature of the surroundings at ground lev- 
el, and AT the temperature difference between the sur- 
rounding temperature and that at the inlet of the tower. 

Using equation (6) and the relation for a stationary state, 
together with (7) and (8), we obtain the tower efficiency: 



Ctower ^ • T ’ 

This simplified description points up one of the funda- 
mental properties of a solar updraft tower power plant: The 
efficiency of the tower depends only upon its height. 

Equations (2) and (9) show that the electrical output 
power of the solar updraft tower plant is proportional to 
its collector area and to the height of the tower: It is thus 
proportional to the volume of the cylinder which contains 
both collector and tower (Figure 3). Therefore, a desired 
output power can be obtained either with a high tower 
and a smaller collector, or with a large collector and a small- 




Fig. 4 The prototype at Manzanares in Spain produced 
50 kW of eiectric power. 



er tower. When frictional losses in the collector are taken 
into account, the linear dependence between the power 
and the product (collector area x tower height) is no longer 
strictly valid, especially for collectors of large diameter. Nev- 
ertheless, it provides a useful rule of thumb. 

The Test Installation in Manzanares 

After detailed theoretical preliminary investigations and 
comprehensive wind-tunnel experiments, in 1981/82 we 
constructed an experimental installation using funds from 
the German Federal Ministry of Research and Technology, 
with 50 kW peak electrical output power. It was located in 
Manzanares, about 150 km south of Madrid. The test site 
was put at our disposal by the Spanish energy supplier 
Union Electrica Fenosa (Figure 4) [8, 9] . 

This research project was intended to verify the theo- 
retical calculations using measured data and to investigate 
the influence of individual components on the power out- 
put and efficiency of the plant under realistic structural and 
meteorological conditions. To this end, we constructed a 
tower of 195 m height and 10 m diameter, surrounded by 
a collector of 240 m diameter. The plant was equipped with 
extensive measurement and data collection instruments. 
More than 180 sensors registered the operating parameters 
of the system at intervals of a few seconds. The main di- 
mensions and some technical data of the plant are set out 
in Table 1 . 

The prototype in Manzanares was planned for an oper- 
ating period of only three years. For that reason, its updraft 
tower was designed as a sheet-metal tube with support 
rods, which could be recycled after the end of the experi- 
ment. Its wall thickness was only 1.25 mm (!), and it was 
stiffened every 4 m by external cantilever trusses. The base 
of the updraft tower was fixed 10 m above ground level on- 
to a ring. This was supported by eight thin pipes, so that 
the hot air could flow into the updraft tower with almost 
no hindrance. In order to provide a streamlined transition 
between the collector roof and the base of the updraft tow- 
er, a pre-stressed fabric jacket was installed (Figure 5). 

The updraft tower was supported at four levels and in 
three directions from the foundations by low-cost thin steel 




Fig. 5 The turbine of the prototype piant in Manzanares. 
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TAB. T I THE PROTOTYPE IN MANZANARES 





Tower height 


194.6 m 


Tower radius 


5.08 m 


Mean collector radius 


122.0 m 


Mean roof height 


1.85 m 


Nominal electric power 


50 kW 


Plastic membrane collector area 


40000 m2 


Glass roof collector area 


6000 m2 



rods. Guy wires, which are usual for such a structure, or 
even a free-standing concrete tower would have been too 
costly for the limited budget of the project. The sheet-met- 
al tubes were assembled on the ground using an especially 
developed cyclic lifting procedure. They were lifted in 
stages using hydraulic jacks while at the same time, the 
bracing rods were adjusted. This was intended to demon- 
strate that even high towers can be built by only a few 
skilled workers. Of course, this intentionally temporary con- 
struction is not appropriate for a large updraft tower pow- 
er plant with a longer planned lifetime. Under realistic con- 
ditions, as a rule the updraft tower will be constructed of 
reinforced concrete. 

The collector roof of an updraft tower power plant must 
not only be transparent to sunlight, but also should have a 
long operating lifetime. We therefore tried out different 
plastic sheeting and glass. The experiment was intended to 
show which material would work best and be most cost-ef- 
fective on a long-term basis. Glass resisted even violent 
storms without damage during the operational life of the 
plant, and proved to be self cleaning; occasional rainfall is 
sufficient for this. The square plastic membranes were 
clamped at their edges into profiled channels and were at- 
tached at their centers via a plastic plate with a drain open- 
ing to the ground. The investment costs for a plastic sheet 
collector are lower than those for a glass collector roof. 
However, the sheets became brittle in the course of time 
and tended to rip. In the meantime, there are more durable 
plastic materials, which again make plastic sheet collectors 
a realistic alternative. 

After completion of the construction phase in 1982, the 
experimental phase began: It was to demonstrate that the 
principle of the updraft tower power plant would function 
under realistic conditions. It was important for us to obtain 
data on the efficiency of the newly-developed technology. 
Furthermore, we wanted to demonstrate that the power 
plant could be operated reliably in a fully automatic mode. 
Finally, we wanted to record and analyze its operating be- 
havior and the underlying physical processes on a long- 
term basis. 

Figure 6 shows the important operating data for a typ- 
ical day: Solar radiation, air flow velocity and electrical pow- 
er output. These clearly show that for this small plant, with- 
out a thermal storage system, the electric power output 
during the day is closely correlated with the solar radiation 
input (Figure 7). 



FIG. 6 1 


1 OPERATIONAL DATA FROM THE TEST INSTALLATION 
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Measured data from Manzanares: Temperature difference, updraft velocity, and 
electric power on two days and 8*^ of June, 1987). Measured output energy: 

635 kWh; simulated output energy: 626 kWh. No heat storage using water-filled 
tubes was installed. 



However, even at night there is some air flow, so that 
during some of the night-time hours, power can still be gen- 
erated (Figure 6). This effect increases with increasing size 
of the plant (and thus of the collector), i.e. with increasing 
thermal inertia of the system. This was confirmed for large 
installations by simulation results. 



FIG. 7 I POWER YIELD 




Global solar radiation (W/mr^) 
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The relation between solar radiation and power for the prototype in Manzanares 
(^'•June 1987). 
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Comparison of the 
measured (blue) 
and calculated (by 
computer simula- 
tion, orange) 
monthly energy 
production from 
Manzanares. In 
the entire year, 
the plant should 
yield 44.35 MWh 
according to the 
calculation, while 
the measured 
value was 
44.19 MWh. 



FIG. 8 I MONTHLY ENERGY PRODUCTION 




During the year 1987, the plant was in operation for 
3197 h, corresponding to an average daily operational pe- 
riod of 8.8 h. As soon as the air flow velocity surpassed a 
certain value - typically 2.5 m/s - then plant operation start- 
ed automatically and synchronized with the power grid. 
The installation as a whole and the individual components 
operated very reliably. 

From the data, we developed a model for a computer 
simulation. We wanted to obtain a solid understanding of 
the physical processes and to identify possible starting 
points for improve-ments with the aid of the simulations. 
The computer model describes the individual components, 
their performance and their dynamic interactions. It is 
based on a finite-element approach and takes the conser- 



FIG. 9 I A 200 MW UPDRAFT TOWER POWER PLANT 




Simulation results for a solar updraft tower power plant with 200 MW output 
power, showing the peak-demand output with additional thermal storage capacity. 
The simulation is for a site far from the equator, with strong seasonal variations. 



vation equations for energy, momentum and mass into ac- 
count. At present, it is a developmental tool which consid- 
ers all the known relevant physical effects. Using it, the 
thermodynamic behavior of large solar updraft tower pow- 
er plants under given weather conditions can be repro- 
duced [10, 11]. 

Figure 8 gives a comparison between the average 
monthly energy output as calculated by the simulation and 
the measured value from the test plant. The two values 
agree very well. 

In summary, we can say that the thermodynamic 
processes in a solar thermal updraft tower power plant are 
well understood. The computational models permit a real- 
istic simulation of the operational behavior of the plant un- 
der given meteorological conditions. 

Large Power Plants 

Our detailed investigations, supported by extensive wind- 
tunnel experiments, show the following: The thermody- 
namic calculations for the collector, the tower and the tur- 
bine can be reliably scaled up to a larger magnitude. The 
small pilot plant in Manzanares covered a much smaller area 
and contained a much lower volume than for example the 
200 MW plant which we will introduce below. Neverthe- 
less, the thermodynamic characteristics of the two plants 
are astonishingly similar. If we consider for example the 
temperature increase and the flow velocity in the collector, 
then in Manzanares, we measured up to 19 K and 12 m/s, 
while the simulation of a 200 MW plant yields average val- 
ues of 18 K and 11 m/s. 

Such comparisons support the premise that we can use 
the measured data from Manzanares and our updraft tower 
plant simulation program in order to design large-scale 
plants. In Figure 9, the results of a simulation for a site in 
Australia are given. For each season, a period of four days 
is simulated. This plant is assumed to have an additional 
heat-storage facility and operates around the clock, in par- 
ticular also in the autumn and winter - then of course with 
a reduced power output. 

Today, more efficient materials which can be installed 
on a more cost-effective basis are available for various col- 
lector designs; these can be either of glass or plastic. 

Large plants would require towers of up to 1000 m 
height. These are a construction challenge, but they are 
within the realm of possibility today. The CN Tower in 
Toronto rises to a height of nearly 600 m, and the skyscraper 
Burj Dubai is over 800 m. In contrast to a skyscraper, the 
tower of a solar updraft tower power plant need be only a 
simple hollow cylinder. It is not particularly slim, and will 
thus stand securely, while the technical and structural re- 
quirements are considerably less strict than those for an in- 
habited building. 

There are various different methods for constructing 
such a tower: free-standing reinforced concrete tubes, steel 
sheet tubes supported by guy wires, or cable-net construc- 
tion with a cladding of sheet metal or plastic membranes. 
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The design procedures for such structures are all well es- 
tablished and have already been utilized for cooling towers; 
thus, no new developments are required. Detailed static 
and structural-mechanical investigations have shown that it 
would be expedient to stiffen the tower in several stages, 
so that a relatively thin wall thickness would suffice. One 
solution is to use bundles of thin wires in the form of “flat“ 
spoked wheels which span the cross-sectional area of the 
tower (Figure 10). This is perhaps the only real novelty in 
updraft tower power plants as compared to existing struc- 
tures. 

For the dimensioning of the machines, we can fall back 
on experience from water and wind power plants, cooling- 
tower technology, wind-tunnel fans - and of course from the 
prototype plant in Manzanares. Initially, a single, large ver- 
tical-shaft turbine in the updraft tower seemed to be the 
most obvious solution, as suggested in Figure 1 and used in 
the Manzanares plant (Figure 5). Newer cost estimates have 
in the meantime convinced us to plan in newer designs for 
a larger number of horizontal-shaft turbines. These form a 
ring at the base of the updraft tower, at the point where the 
collector is attached to the tower. This allows the use of 
smaller turbines, which are considerably less expensive. 
Furthermore, their redundance guarantees a high availabil- 
ity, since when individual turbines are out of service, the 
others can continue to generate power. In addition, re- 
duced-output operation is improved, since the plant’s pow- 
er output can be controlled by switching the individual tur- 
bines on or off. 

The energy yield of an updraft tower power plant is 
proportional to the global insolation, its collector area and 
the height of its updraft tower. There is thus no physically 
optimal size, only an economic optimum: The best dimen- 
sions for the given site are found in terms of the specific 
component costs for a suitable collector, tower, and tur- 
bines. Thus, plants of different dimensions will be built for 
different sites - in each case at minimal cost: If collector area 
is cheap but reinforced concrete is expensive, then one 
would construct a large collector and a comparatively small 
tower; and if the collector area is expensive, then one would 
build a smaller collector and a larger tower. 

Table 2 gives an overview of the typical dimensions of 
solar updraft tower power plants. The numbers are based 
on typical international materials and construction costs. 
The costs of unskilled labor have been taken here to be 5 
<#i; we are thus considering a site in a developing or emerg- 
ing nation. The updraft tower power plant is especially suit- 
able for such countries. In particular, it becomes clear that 
the power-generating costs decrease significantly with in- 
creasing plant size. In order to achieve economically viable 
operation, a solar updraft tower power plant must therefore 
be of a certain minimum size. 

The Mildura Project 

In Australia, there are not only large, flat unused open spaces 
with a high insolation, but also reserves of the fossile ener- 




gy carriers, coal and natural gas. Up to late 2007, the Aus- 
tralian government was banking almost exclusively on the 
use of coal for its future energy supply. However, in 2001, 
it established a political framework in terms of the Manda- 
tory Renewable Energy Target, which provides a protected, 
preferred market for sustainable energy sources. Therefore, 
the initial situation for construction of a solar updraft tow- 
er power plant was relatively favorable. 

The enterprise EnviroMission was founded with the 
goal of marketing the solar updraft tower power plant tech- 
nology of Schlaich Bergermann Solar (Stuttgart) in Aus- 
tralia. Initially, we in Stuttgart were commissioned to pre- 
pare a detailed market study, which was successfully com- 
pleted. Independently of it, the technical feasibility was also 
affirmed by the well-known Australian Engineering firm Sin- 
clair Knight Merz. Not least as a result of these encourag- 
ing results, the Australian construction company Leighton 
Contractors, a subsidiary of the German HochTief, decided 
to join the project. After the planning of the construction 
of the tower and the collector, carried out in cooperation 
by EnviroMission and Leighton Contractors, the latter con- 
firmed their constructability and submitted an estimate for 
the project. 

The planned power plant would have a tower of 1000 m 
height and a collector diameter of 7000 m (Figure 10). Its 
overall electric output power of 200 MW would be divided 
among 32 turbines, each with a nominal output power of 
6.25 MW. 

Unfortunately, it became clear in the end that the ex- 
pected earnings were not high enough to provide poten- 
tial investors with a sufficiently high profit margin in rela- 
tion to the risks of building the first commercial updraft 
power plant: the financing was unsuccessful. 



Fig. 70 A view 
from above of a 
projected large- 
scale solar updraft 
tower power 
plant The spokes 
of the internal 
bracing in the 
tower, and the 
ring-shaped 
visitors* platform 
with its elevator 
are clearly visible 
(graphics: Schlaich 
Bergermann Solar). 
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TAB. 2 



TYPICAL BENCHMARK DATA FOR SOLAR UPDRAFT TOWER 
POWER PLANTS 

















Nominal output power 


MW 


5 


30 


100 


200 


Tower height 


m 


550 


750 


1000 


1000 


Tower diameter 


m 


45 


70 


110 


120 


Collector diameter 


m 


1250 


2950 


4300 


7000 


Energy output^ 


CWh/a 


14 


87 


320 


680 


Energy generating cost^ 


€/kWh 


0.34 


0.19 


0.13 


0.10 


At a site with a total global insolation of 2300 kWh/(m^a). 

^ With a linear amortisation over 20 years and an interest rate of 6 %. 







Outlook 

In the meantime, together with project developers, we are 
searching for possibilities to construct a plant of medium 
si2e with about 30 MW output power at a site with partic- 
ularly favorable boundary conditions. The advantage of such 
a project is that, although the power generating cost is no- 
tably higher than for a large, 200 MW plant, the necessary 
investment, and thus the financial risk, is also clearly lower. 
In addition, a medium-sized updraft tower power plant has 
other advantages: It is considerably simpler to find a suit- 
able site, the constructability of the tower will not be ques- 
tioned by the public, since comparably large structures al- 
ready exist, and the percentage of potential profits which 
would be contributed by supplementary income sources 
such as tourism and naming rights is greater. Independent- 
ly of this, the long-term goal must be the construction of 
large power plants with output power in the 200 MW range, 
since only then, leaving government subsidies out of con- 
sideration, will it be possible to establish sustainable, eco- 
logically compatible and at the same time economically fea- 
sible power generation. 

This challenge must now be met. Once a solar updraft 
tower power plant has been built and is delivering power 
to the grid, additional plants will no doubt follow rapidly. 
After all, they offer many advantages, since their construc- 
tion does not involve consumption of resources, but sim- 
ply their commitment [4] . Solar updraft tower power plants 
are constructed essentially from concrete and glass, that is 
from sand and (self-generated) energy. They can therefore 
reproduce themselves even in the desert - a truly sustain- 
able energy source. 

Summary 

A solar updraft tower power plant combines the greenhouse 
effect with the chimney effect in order to generate electrical 
energy directly from solar radiation. Air is heated beneath a 
glass roof; it then rises through a central tower and drives 
wind turbines while passing upwards. This simple principle 
can be successfully put into large-scale operation, as was 
demonstrated by an experimental plant in Manzanares, 
Spain. However, solar updraft tower power plants must have 
enormous dimensions in order to generate electrical current 
economically. Following the intermediate step of constructing 
and operating a plant of medium size, with e.g. 30 MW of 



output power, the goal is to construct large-scale plants, with 
tower heights of 1 000 m, collectors 7 km in diameter, and an 
output power of 200 MW. 
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Tidal-stream Power Plants 

Sun, Moon and Earth as 
Power Source 

BY Albert Ruprecht | Jochen Weilepp 



Tidal currents can be used in many regions of 
the earth for generating electric power. The 
challenge is however to construct robust, 
corrosion-resistant and reliable plants. We 
describe them here using the example of the 
technological developments at Voith Hydro. 



T oday, great efforts are being made to harness the ener- 
gy of ocean currents produced by the tides, for electric 
power generation. The tides are due essentially to the grav- 
itational attraction of the moon as well as the revolution of 
the earth around its common center of gravity with the 
moon. The attraction of the sun modulates this effect, pro- 
ducing two spring tides each month; depending on the lo- 
cal geography, these can have varying strengths from place 
to place. Together, these effects lead locally to high and low 
tides. The rise and fall of the water level in turn means that 
water flows in the direction of the gravitational force, and 
this produces tidal currents. 

Tidal flows thus change their direction, depending on 
whether the water level is rising or falling. In the free 
oceans, there are permanent currents, like the Gulf Stream. 
Whether they can be utili2cd as energy sources is howev- 
er questionable, since the consequences for the climate are 
to a great extent unknown; even a minor change might have 
major global effects. In the case of tidal currents, this is not 
a problem, since their kinetic energy is dissipated by fric- 
tion in any case. Their use for energy conversion thus has 
at most a very limited, local effect on the environment. 

To make use of the energy of tidal streams, a turbine 
converts the kinetic energy of the water into mechanical 
energy. A generator attached to the turbine then produces 
electricity. This distinguishes tidal-stream power plants from 
tidal power plants; the latter make use of the head of wa- 
ter produced by high and low tides. A tidal plant has for ex- 
ample been operating since the mid-1960’s at the mouth of 
the River Ranee near the town of St. Malo in Brittany, France. 
Such plants back up the water with a dam for a certain pe- 




This no kW pilot 
plant made by 
Voith Hydro Ocean 
Technologies went 
into operation in 
early 2011 in 
Korea (photo: 

Voith Hydro). 



riod of time and make use of the difference in water levels 
on either side of the dam, i.e. they convert the potential en- 
ergy of the water back to kinetic energy. In contrast, tidal- 
stream power plants require no dams, with their major ef- 
fects on the landscape. Their turbines work in a free stream, 
like wind turbines, and make direct use of the flowing wa- 
ter’s kinetic energy. It is important to note that these two 
tidal technologies are not in competition for usable sites, 
but rather complement each other: The one cannot as a 
rule replace the other, since maximal tidal flow velocities 
are usually found at different locations from maximal tidal 
water heights. 

Tidal-stream power plants have the advantage of offer- 
ing a very predictable, sustainable source of energy. They 
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also have a higher energy density than e.g. wind plants. On 
the other hand, the installations must survive in an envi- 
ronment which is very hostile to technology There are no 
precise figures on the globally available potential for ener- 
gy production from tidal currents, but at least 1,200 TWh 
per year should be sustainably usable. This would corre- 
spond to over 6 % of the current worldwide electric power 
consumption [1]. 

Physical Principles 

Tidal-stream turbines make use of the kinetic energy of the 
tidal flow. However, they cannot convert all of this energy 
to electricity, since the water must flow on past them. Ac- 
cording to the so-called Bet2’s Law, the maximum power 
that can be extracted is given by: 

16 p 

^max = ^ 2 

Here, p is the density of the fluid, v its flow velocity, and A 
the area of the turbine rotor. The available power thus in- 
creases as the cube of the flow velocity. Figure 1 makes this 
clear: it shows the maximum theoretically available power 
as a function of flow velocity for various rotor diameters. 
One can readily see that suitable sites should have flow ve- 
locities of at least 2 to 2.5 m/s; otherwise the power yield 
is too low. 

Ideal locations have flow velocities of 4 m/s and high- 
er. Such high velocity tidal streams are to be found for ex- 
ample in the Pentland Firth (Scotland), in the Bay of Fundy 
(Canada), or in the English Channel around the Island of 
Alderney. 

The flow velocity changes with the tides and thus with 
time. Figure 2a shows typical measurements of the flow ve- 
locity over a month’s time. One can discern the variations 
with the daily tides and also with the lunar cycle (spring 
tides and neap tides). Figure 2b gives the “tidal ellipse”, a 
diagram which shows the direction and velocity of the flow 
(the points represent the arrowheads of the velocity vec- 
tors) during a tidal cycle. In contrast to wind energy, the 
tidal stream has a well-defined direction. 



Concepts for Tidal-Stream Installations 

Around the world, there are a number of development and 
demonstration projects that exhibit a variety of technolo- 
gies. Essentially, these concepts can be classified as: 

• Free-stream, horizontal-axis turbines; 

• Free-stream, vertical-axis turbines; 

• Resistance rotors; and 

• Some few oscillating hydroplane applications, where a 
hydroplane moves periodically, sweeping out a rectan- 
gular area. 

Free-stream turbines and oscillating hydrofoil applications 
make use of the hydrodynamic lift forces on rotating hy- 
drofoil profiles. Resistance rotors (e.g. undershot water 
wheels) rotate only by virtue of their resistance to the wa- 
ter flow; thus, they have a poor efficiency of less than 50 %. 
Good free-stream turbines, in contrast, convert up to 85 % 
of the possible flow energy as in (I) (Betz Limit) into me- 
chanical energy. 

Along with free-stream turbines, there are also ducted 
turbines. The specific power yield relative to the structur- 
al area of both types is roughly similar. The corresponding 
installations differ in the way the turbine is mounted. As 
with wind-power plants, one can distinguish: 

• Gravity-based foundations; 

• Monopile foundations; and 

• Floating installations. 

Which of these concepts is most suitable for a particular site 
depends upon the nature of the ocean floor and the water 
depth there. 

In recent years, numerous demonstration plants have 
been placed in the water, and valuable experience has been 
gained with them. In the meantime, large firms have joined 
in this development, which is decisive for the realization of 
industrial-scale tidal-stream parks. Energy providers have al- 
so become interested in utilizing this technology on a large 
scale, so that it is on the threshold of a breakthrough to com- 
mercialization. 

challenges 

Often, tidal-stream machines are compared with “under- 
water windmills”. The developers of this technology must 
however deal with completely different challenges from 
those faced by wind-power plants. In particular, the 
turbines must be sealed against the entry of seawater. 
Tidal-stream turbines are thus more like a hybrid be- 
tween a windmill and a submarine. The greatest challenges 
are: 

• Accommodation to the periodically changing flow 
direction; 

• Sealing of the rotor shaft under water; 

• Corrosion protection; 

• Environmental protection, if possible oil-free operation; 

• Protection of the underwater electrical cables; and 

• Minimal installation and maintenance costs. With a com- 
pletely submerged construction, it must also be straight- 
forward to locate the turbine for maintenance work. 
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While the direction of tidal flows is very predictable and 
the mechanical technology of the plants can therefore be 
kept fundamentally simple, the environment in which the 
machine must operate represents the real challenge. In or- 
der to keep operating costs under control, reliability and 
robust construction must have the highest priority in de- 
signing a machine which operates completely under sea- 
water. 

Case Study: The Technology of Voith Hydro 

At Voith Hydro in Heidenheim, Germany, one of the world’s 
leading hydroelectric equipment manufacturers, the Ocean 
Energies division is developing, testing and marketing tidal- 
stream installations. A prototype on a 1:3 scale with an out- 
put power of 110 kW and a rotor diameter of 5.3 m (see 
photo on p. 95) was installed in the winter of 2010/11 off 
the coast of South Korea’s Jeollanam-do Province, near the 
Island of Jindo. Following this test run, beginning in 2015, 
a large tidal-stream park with an overall output of several 
hundred megawatts is to be constructed. 

A tidal-stream plant can be subdivided into three main 
functional groups: foundation, turbine, and the installation 
and maintenance equipment. For suitable foundations, there 
are highly specialized firms (which also serve offshore wind 
technologies). Voith Hydro (VH) concentrates on the de- 
velopment of the mechanical and electrical components of 
a tidal-stream power plant, i.e. the turbogenerator, the land 
station, and the control technology. In addition, a concept 
for installation, retrieval, and maintenance of the turbine 
nacelle at moderate costs must be developed - and it must 
be usable even in remote locations with a poor infrastruc- 
ture. 

VH chose a completely submerged construction. Such 
plants are invisible from the coast and can be standardized 
to a great extent. Furthermore, the materials costs for the 
mounting towers are minimized. However, for maintenance 
the turbine must be retrieved and removed from the water. 

In order to maximize the reliability and simplicity of 
the plant, VH turbine technology dispenses with complex- 
ity as far as possible. Important basic characteristics are: 

• Torque control (variable speed) instead of a mechanism 
for changing the turbine-blade pitch with complex elec- 
tronics (corresponding to pitch control for wind plants); 

• Energy conversion in both flow directions by reversal 
of the rotation direction: symmetric rotor-blade profiles 
allow this, and are optimized for high efficiency and a 
wide application range; 

• Direct drive, since a transmission can fail and requires 
lubrication with oil; 

• Permanent-magnet excitation in the generator, to avoid 
the complexity of stator excitation and the use of slip 
rings; 

• Direct cooling of the generator stator using ambient wa- 
ter from the tidal flow; 

• Controlled water flow through the turbine to avoid ro- 
tating seals; 




• Seawater-lubricated bearings, to eliminate the need for 
regular lubrication; and 

• Oil-free design, to minimize dangers to the environment. 
This system thus has only two moving parts: the turbine 
shaft (Figure 3) and the brake, which is needed for safety 
reasons. Everything else is either static or is operated pas- 
sively. In the opinion of the authors, such a revolutionary 
design can provide the answer to all of the challenges of the 
tidal environment. 



(a) The measured 
flow velocity at a 
depth of 20 cm 
throughout one 
month (source: 
Renetec). (b) The 
tidal ellipse. 



Installation, Retrieval and Maintenance 

The installation, retrieval and maintenance of the plants 
should be as cost-effective as possible. If special ships or 
floating platforms are necessary, it must be possible to re- 
fit them in the simplest possible way. For the VH concept, 
a barge with a crane at its stern is required. The crane car- 
ries a framework, called the nacelle-retrieval module (NRM). 
It can be raised and lowered by chains and winches on the 
deck of the barge. Two guide chains are attached to the 
foundation of the plant. 

Using a camera, or sonar if the water is cloudy, the NRM 
finds its way along the guide chains to the turbine (Figure 
4). As soon as it has docked onto the turbine nacelle, it is 
locked in place by a hydraulic clamp. Then the NRM to- 
gether with the turbine nacelle is raised to the surface by 



FIG. 3 I TURBINE NACELLE 




Seawater streams 
through the 
installation 
designed by Voith 
Hydro, and it has 
a minimum of 
moving parts 
(graphics: Voith 
Hydro). 
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The nacelle 
retrieval module 
designed by Voith 
Hydro locates the 
turbine nacelle by 
means of guide 
chains, surrounds 
it and is clamped 
hydraulically, and 
disconnects the 
power cable. It is 
then raised up to 
the barge above 
(graphics: Voith 
Hydro). 




the winches; the electrical cable is disconnected before rais- 
ing the nacelle. 

Once the turbine has been raised, the barge is 
towed into a harbor where the maintenance operations can 
be carried out. The VH concept permits this even in small 
harbors with little infrastructure, as are often found near 
good sites for tidal-stream plants. The approach even allows 
the maintenance work to be carried out on the barge, so 
that the procedure is independent of buildings or transport 
infrastructure. 

First Results 

In April, 2011, VH successfully installed the 110 kW pilot 
plant in South Korea. At present (August 2011), it is being 
commissioned. We give the first measurement results here. 
Figure 5a shows the variation of the flow velocities mea- 
sured at the site of the pilot plant. Basically, tidal flows are 
determined by the cooperative effects of various periodic 



(a) The time 
dependence of the 
flow velocity over 
a tidal half-cycle. 
Red: the velocity 
calculated from 
the constituents 
of the tidal 
stream; blue: the 
measured veloci- 
ties. (b) The time- 
dependence of the 
turbine output 
power over a tidal 
half-cycle. Red: 
the power calcu- 
lated from the 
constituents of 
the tidal stream; 
blue: the mea- 
sured turbine 
output power 
(graphics: Voith 
Hydro). 
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motions in the Solar System; each of these can be associat- 
ed with a period, an amplitude, and a phase at any arbitrary 
location within the tidal flow. These are the “constituents” 
of the tidal stream. If these constituents are superposed, one 
obtains the theoretically-expected flow pattern. This is 
shown in Fig. 5a as a solid red line for one tidal half-cycle, 
here for the ebb tide. The measured flow rates are also 
shown in blue. While the flow follows the predicted trend 
rather closely, strong fluctuations around the predicted 
mean values are seen. These fluctuations are up to 10 % of 
the overall flow velocity, and are caused by turbulence and 
vortices on different length scales. These observed struc- 
tures within the flow pattern have a variety of specific caus- 
es and can in extreme cases be up to several hundred me- 
ters in diameter. 

A tidal-stream plant is thus subjected to very irregular 
flow velocities over time. In order to operate it near its op- 
timum conditions, the turbine must be able to accelerate or 
decelerate quickly using the energy of the moving water. 
As a result, the energy output of a single plant - especially 
one with a relatively small rotor, like the VH pilot plant - is 
somewhat irregular. Figure 5b shows the electric power 
fed into the grid by this plant during one tidal half-cycle. 
For plants having a larger rotor diameter, and for spatially 
extended tidal-stream parks, one expects an “averaging out” 
of the turbulent fluctuations, so that the power fed into the 
grid will fluctuate less with a larger plant or a larger num- 
ber of plants. 

Figure 6 shows the power curve of the VH prototype 
plant. The measured points follow the dependence of Eq. 
(1) rather closely, in spite of the turbulent fluctuations men- 
tioned; the control algorithm responds rapidly to variations 
in the flow velocity and adjusts the torque of the generator 
immediately. 

Conclusions 

Ocean-current power plants are a relatively new form of sus- 
tainable energy source. They are at present in a similar stage 
of development as were wind-power plants in the 1980’s. 
The first prototype plants have reached the pre-commercial 
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The power produced by the pilot plant follows the law 
(Eq. 1), Red: the theoretically expected dependence; blue: 
measurements (graphics: Voith Hydro). 



Summary 

The utilization of ocean currents is increasingly attracting in- 
terest for climate protection and sustainable energy supplies. 
At present, a number of concepts and technologies have been 
developed and initial experience has been collected at a few 
pilot plants. It has become clear that the raw, hostile envi- 
ronment of the ocean represents a strong challenge to the 
technology, and will require special developments. The nec- 
essary efforts were described using the example of the tech- 
nology development at Voith Hydro, as required to design ro- 
bust plants that can guarantee long-term, reliable operation. 
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Stage, and large firms are beginning to support this field. The 
increasing demand for sustainable energy is stimulating in- 
terest among energy providers, who are prepared to carry 
a significant part of the development risks in order to ac- 
cumulate experience and to secure their share of the mar- 
ket. 

The comparison with the wind-power industry thirty 
years ago, as it was making its start with small 50 kW plants, 
permits us to make analogous statements about the proba- 
ble development of ocean energies. The generating costs for 
electric power will initially be high, as will the failure rate. 
It will be necessary to learn quickly from mistakes and to 
optimi 2 e the technology. This will lead to highly efficient 
and competitive plants, similar to the wind-power plants 
with up to 7 MW output power which are being installed 
all over the world these days. 

This process however requires time. The developers 
must concentrate on robust and simple designs in order to 
earn the trust of potential investors or owners and opera- 
tors of the first commercial plants. Attractive feed-in tarifs 
are important, like those which countries such as Germany 
have put in place for wind power and photovoltaic gener- 
ation. They will give investors planning security and thus 
allow them to afford the risks of a new technology. In ad- 
dition, funds for financing the first small tidal-stream parks 
are needed, since, due to their risk structure, they cannot 
attract private-equity capital at first. The sooner attractive 
and long-term feed-in tarifs are enacted by governments, the 
faster will tidal-stream power technology make an eco- 
nomically attractive contribution to the reduction of glob- 
al emissions of greenhouse gases. 
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Wave Power Plants 

Energy Reserves from the Oceans 

BY KAI-UWE CRAW 



An old dream of humanity is to make use of the almost im- 
measurable energy of ocean waves. Their destructive power 
has however up to now not permitted any economically rea- 
sonable design to survive for long, although there have been 
many promising attempts and approaches. 

T he reduction in carbon dioxide emissions, which is in- 
creasingly urgent and is a major goal of governments 
and societies, has conferred a new significance on wave en- 
ergy - as on all renewable energy sources. Interest in wave 
energy power plants, which could make appreciable con- 
tributions to the world’s energy supply, is steadily growing. 
The use of wave energy for generating electric power has 
been under investigation for many decades. However, the 
countless, sometimes extremely naive suggestions for the 
application of wave energy have given this renewable en- 
ergy source a dubious aftertaste in the public mind. But the 
long-term commtiment of a few research teams is now lead- 
ing to a rethinking of this view. 

The ocean waves contain inexhaustible reserves of en- 
ergy. They are estimated to store around ten million ter- 
awatt hours of wave energy per year. This makes them, in 
principle, very attractive as an energy source. However, 
large waves can deploy a destructive force which makes 
huge demands on the stability of the wave power plant un- 
der load. It is thus particularly interesting to employ wave 
power plants precisely where the force of large waves must 

in any case be broken: along 
coastal protection installa- 
tions. Conventional break- 
waters only reflect or dissi- 
pate the wave energy with- 
out making use of it. Wave 
power plants, in contrast, ex- 
tract the energy and convert 
it into useful electric power. 
Furthermore, the use of a 
breakwater as the structure 
for a power plant reduces 
the cost of the plant which is 
integrated into it. Figure 1 
shows a new wave power 
plant in the Spanish harbor 
Mutriku, whose construction 
was supported by the EU. 




LIMPET 

www.wavegen.co.uk 



owe Wave Power Plants (animation) 

bit.ly/PCzCWa 

Wave Dragon (infos, docuvideo, animation) 

www.wavedragon.net 

Archimedes Waveswing 

bit.ly/PXLN3v 

Buoy System “WaveBob“ 

wavebob.com 




Fig . 1 The 300 kW breakwater power plant in the harbor of 
Mutriku, Spain, operates on the oscillating water column 
(owe) principle. It went online in 201 1 (photo: R. Wengenmayr). 



With 16 Wells turbines, each delivering 18.5 kW, it can sup- 
ply 250 households with electrical energy. Wave power 
plants which convert energy without fulfilling any protec- 
tive function can even take the form of free-floating instal- 
lations in the ocean (Figure 2). 

Because of the stringent requirements for robust con- 
struction and corrosion resistance, the overall role of wave 
power plants is still very minor. Their currently-installed to- 
tal output power worldwide is barely 3 MW; about five firms 
offer commercial installations, while another 20 or 30 are 
in the testing phase with their concepts [1]. 

The Formation and Propagation of 
“Gravity Waves" 

The major portion of the energy which is stored in ocean 
waves is transported by so-called gravity waves (Figure 3). 
They are produced by the wind, and their motion is gov- 
erned almost entirely by the gravitational force. Figure 3 al- 
so illustrates the forces which activate the waves: Short to 
medium waves are mainly produced by winds, longer ones 
by air-pressure differences due to weather fronts or by 
earthquakes; extremely long waves are due to the tidal 
forces. The figure additionally shows the three forces which 
in general govern the propagation of the waves: surface ten- 
sion, gravity, and the Coriolis force. This last force is due to 
the earth’s rotation; it is weak and has a noticeable influence 
on waves only when they are several kilometers long. The 
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surface tension of the water is also a very weak force. It is 
important only for waves that are shorter than about one 
centimeter: Such waves are flattened by the surface ten- 
sion. In all other cases, gravity waves predominate. The 
force of gravity pulls the water in the wave crests down to- 
wards the troughs and thus tends to equalize the differ- 
ences in height, acting as a restoring force. A simple intro- 
duction to the theory of waves is given in [2] . 

Water waves produced by the wind are generated main- 
ly over deep water. Their form depends on the wind ve- 
locity, the duration of the wind, and the distance they have 
propagated since they were generated. The regions of the 
ocean surface with the most wave energy are therefore the 
open oceans, far from the equator (Figure 4). The wind is 
subject to friction with the surface of the ocean water; it 
pushes on individual water particles and thus accelerates 
the water layers near the surface. Turbulences in the airflow 
give rise to pressure differences between different parts of 
the water surface. To equalize these differences, the sur- 
face rises and sinks. This now-rough surface is subject to 
ever stronger pressure differences from the wind, which in 
turn increase the amplitude of the surface roughness. In this 
way, higher and higher quasi-periodic waves are formed. 

Wave dynamics in the end limits further growth of the 
waves. The simple model of “linear wave theory “ already 
gives a realistic value for the maximum wave height. It is 
ca. 14 % of the wavelength. According to linear wave the- 
ory, the individual water particles in the wave attain speeds 
at the tops of the wave crests which are greater than the 
propagation velocity of the waves themselves. They prac- 
tically “fall out“ of the wave in the direction in which it is 
moving. At this maximum height, the wave thus becomes 
unstable, and the wave crests form foamy whitecaps. Tur- 
bulence consumes part of the wave energy. When the 
waves have reached their maximum height and their peri- 
od no longer changes, even if the wind continues to blow, 
the sea condition is called a “fully developed sea”. After the 
wind has died down, the waves can maintain their energy 



over distances of many thousands of kilometers. They are 
then referred to as “groundswell“. 

When the waves move into shallow water, their length 
and velocity decrease. Friction with the ocean bottom dis- 
sipates their energy and often changes their direction. 
When the wave velocity has dropped to a certain limiting 
value, the waves break and form a foamy surf. The breaking 
waves also lead to energy loss through turbulence. In plan- 
ning coastal wave energy power plants, this process must 
be taken into account. 

The Bask Technology for Exploiting Wave 
Energy 

Beginning in 1986, a simply-constructed wave power plant 
was built in Norway, where it was operated for about twelve 
years. The plant was on the island of Toftestallen near 
Bergen, and it was intended as a demonstration project for 
interested groups. The TAPCHAN (TAPered CHANnel) di- 
rects the water from the incoming waves into a channel 
which rises and narrows, then empties into a raised basin. 
The water then flows steadily from this reservoir back to 
the ocean. In the process, it can power a conventional low- 
pressure turbine. The channel of the prototype plant had a 
60 m wide opening on the incoming wave side and was be- 
tween 6 und 7 m deep. The reservoir was at a height of 
3 m above sea level. The incoming waves were steepened 
by the trumpet shape of the channel, so that they over- 
flowed its banks, allowing the water to flow from the sides 
of the channel into the reservoir. The reservoir was lower 
than the end of the channel, preventing the water from 
flowing back out. 



< Fig. 2 The 
WaveDragon is a 
floating ramp, 
which narrows 
down from a 
broad entrance 
and thus concen- 
trates incoming 
waves. When the 
water is pushed 
up into a reser- 
voir basin, it 
flows through a 
turbine. The first 
prototype, 
weighing 237 
tons, is in Lim- 
fjord, Denmark, 
and delivers 
20 kW of output 
power (photo: 
WWW. wavedragon. 
net). 



FIG. 3 I WAVES AND THEIR ENERGY 
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The power distribution of waves which act at the seacoasts, as a function of their 
osciiiation period; gravity waves (red) contain the major portion of this power. 
Their period lies between one and thirty seconds. Above, the forces are indicated 
which predominate in the formation and propagation of the various types of 
waves. 
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The distribution 
(simpUped) of the 
average wave 
power density in 
the oceans; biue: 
10-20 kWlm^, 
yellow: 

20-30 kW/m^, 
red: 30-90 kW/ 
m^. This distribu- 
tion corresponds 
in a good approx- 
imation to the 
distribution of 
wind energy. 
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The TAPCHAN in practice even exceeded by a small 
amount its planned output of 350 kW maximum power and 
2 GWh annual energy production; this is so far a notable 
exception for wave energy power plants. Operating prob- 
lems arose from earthslides after strong rainfall, pieces of 
rock flushed into the channel by the sea, and damage to the 
channel walls. In contrast to these constructional difficul- 
ties, the power generation with a standard water turbine 
caused no problems. However, there were no follow-up pro- 
jects - probably because reserving large coastal regions for 
such storage power plants would not be economically fea- 
sible. Coastal regions are exploited today in so many di- 
verse ways that the integration of new, area-intensive uses 
would hardly be enforceable. 

In retrospect, one sees that the basic concept of this 
plant, i.e. providing electric power continuously and as re- 
quired, is today relevant only for island systems. Large pow- 
er grids, in contrast, can accept the fluctuating power gen- 
erated by wave plants. Such systems are therefore current- 
ly being developed further with much smaller water storage 
basins, which do not “smooth out” the power output so ef- 
fectively. Two examples of such projects are the Norwe- 



gian Slot-Cone-Generator, a land-based system [3] , and the 
European WindDragon, a floating system (see Fig. 2). 

Today’s Standard Technology: the OWC 

owe is the abbreviation for Oscillating Water Column and 
describes a design which makes use of the wave motion in 
rising and falling water columns. Figure 5a shows how a typ- 
ical OWC functions. It consists of a chamber with two open- 
ings. One of these is on the side towards the incoming 
waves and lies beneath the water level. The water can en- 
ter the chamber through this opening, driven by the wave 
energy. The second opening allows the pressure to equal- 
i2c with the surrounding air. The water column in the cham- 
ber moves up and down at the wave frequency, and thus 
“ breathes “ air in and out through the second opening. This 
“breath” drives an air turbine. It is constructed in such a way 
that it converts the oscillating motion of the air column in- 
to continuous rotational motion (see the infobox “Operat- 
ing Principles of OWC Turbines “ on p. 89). 

In principle, an OWC represents a simple motion-con- 
version device (Figure 5b): In order to drive the generator, 
it converts the strong force at low velocity of the wave mo- 
tion into a motion of the air column with a weak force but 
a high velocity. The essential aspect is that the low specif- 
ic mass of the air permits a high acceleration. 

OWC systems have been in use for decades for the en- 
ergy supply of beacon buoys (Figure 6). They were invent- 
ed by the Japanese Yoshio Masuda. In an OWC buoy, a ver- 
tical pipe assumes the function of the chamber. It reaches 
down into the calmer water layers below the buoy. There- 
fore, the water column in the pipe is at rest relative to the 
waves outside - but it moves relative to the buoy, since the 
latter is raised and lowered by the wave motion. Like stan- 
dard owes, most buoys employ an air turbine. Such buoys 
have rather quickly become standard for applications that 
require limited power outputs. Some of them have survived 
more than twenty years of operation at sea. 



The power plant 
converts the 
oscillating 
motion of the 
water column 
into elec-trical 
energy (a). It acts 
like a step-up 
gear box (b). 





102 






WAVE POWER PLANTS 



Existing OWC Projects 

Between 1978 and 1986, in an international experiment ini- 
tiated by Japan, an OWC system was tested for the first time 
on a large scale: The ship ’Kamai’ carried out three series 
of tests in the Japan Sea in which turbines with up to a 
megawatt of power output were installed. Only in 1998 
was the idea of a floating OWC again taken up in Japan. The 
new Japanese prototype ’Mighty Whale’ however has a pow- 
er output of only 110 kW (Figure 2). An Irish group is cur- 
rently testing a reduced-scale floating construction at sea. 

It has taken a similarly long time for the first continua- 
tion of coastal projects to be pursued, with an OWC of rel- 
atively high power output. From 1985 to 1988, the Kvcern- 
er company in Toftestallen, Norway, tested an OWC built on 
the rocky coastline with a power output of 0.5 MW; it was 
constructed mainly of steel. Only since the end of the year 
2000, on the island of Islay in Scotland, has a coastal OWC 
with a similar power output once again been in operation: 
LIMPET (Locally Installed Marine Power Energy Trans- 
former, Figure 7). It was planned for an output power of 
500 kW, but achieved only 250 kW in practice. It is con- 
structed for the most part of concrete, as is a very similar 
project on the island of Pico, in the A 2 ores, with 400 kW 
output power. The concrete design has been tested begin- 
ning already in 1983 in Sanze (Japan), from 1990 on the is- 
land of Dawanshan (China), and from 1988 on the island of 
Islay with considerably smaller prototype plants. Whether 
concrete will prove to be more enduring than steel is still 
under debate by the experts. 

Breakwater structures usually consists of many concrete 
cubes of the size of a single or multiple-family house. For 
breakwater wave-energy power plants, one or more such 
cubes are modified in such a way that they can be employed 
as OWC chambers. The construction of these OWC cham- 
bers directly at the locations where they are to be used has 
proved to be the main problem for all of the test projects 
mentioned. At a location where waves are breaking onto the 
shore, people have to work continuously for several months 
- a dangerous, difficult and therefore expensive undertak- 
ing. For this reason, those construction engineers who built 
owes near Trivandrum (India) in 1990 and Sakata (Japan) 
in 1988 took a different route: Both were built as concrete 
caissons. These caissons were produced using established 
methods in a drydock. The firm ART (Applied Research 
and Technology) also built its steel wave-power plant 
OSREY (Ocean Swell powered Renewable EnergY) with 
500 kW of output power at a shipyard. ART-OSREY demon- 
strated that even the installation of a previously-construct- 
ed wave breaker has its uncertainties: during the installation 
of the power plant in water 20 m deep off the Scottish 
coast, a severe storm came up. The structure was not de- 
signed to withstand such stresses during its installation 
phase, and it was destroyed. 

All of the owes so far built have to be classed as test 
installations, with which construction techniques can be 
tried out and turbine technologies developed - although the 



Indian OWC has already fed power in- 
to the local grid. ART-OSREY was sup- 
posed to be the first commercially-op- 
erating OWC prototype. A current 
demonstration project has just been 
built in the Spanish harbor of Mutriku, 
as mentioned above (Fig. 1). The first 
completely commercial breakwater- 
OWC power plant, with an output of 
4 MW, the Sidar Wave Energy Project 
(SWEP), is planned for the near future 
on the Scottish Hebrides island of 
Lewis [1]. 

Technological and Economic 
Questions 

Why does wave power not yet come 
“out of the wall socket “? As we have 
already described, the installation of 
the power plants in the rough loca- 
tions where they must be operated is 
difficult. Their design must guarantee 
a long operating life. A further hurdle 
is the developement of turbines which 
are suitable for OWCs. The turbines 
used up to now do not perform satis- 
factorily: Their efficiencies are too low 
and their constant velocity operation 
is problematic. Wells turbines so far 
achieve efficiencies only in the range 
of 50 to 70 %. Conventional turbines, in contrast, operate 
with up to 90 % efficiency. Even though they produce elec- 
trical power in only one flow direction, they can still be con- 
sidered as serious competition for new designs. 

OWC designs have also been tested which supply con- 
ventional turbines with a uniform air flow and thereby com- 
pensate their disadvantages. For example, the 30-kW Ku- 
jukuri OWC, which was built in 1987 in Japan in the Ku- 
jukuri harbor, uses pressure storage vessels for the air which 
is compressed by the waves. The storage vessels supply 
conventional turbogenerators without reversing the air 
flow. 



FIG. 6 I AN OWC BUOY 




OWC buoys are for the most part 
designed as beacon buoys, with their 
own autonomous energy supplies. 




Fig. 7 LIMPET is 
a coastal OWC 
with an output 
power of current- 
ly up to 250 kW, 
that has been in 
operation on the 
island of Islay 
(Scotland) since 
the year 2000. 
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Fig. 8 The Archimedes Wave- swing 
consists of submerged cylinders which 
float in the water. The outer cylinder 
(green) moves up and down relative to 
the inner one (black). To generate 
power, linear generators (gray) utilize 
this motion - reversing the principle of 
the linear motors on a magnetic 
levitation railway. 



An additional technical problem is 
the quality of the electrical “wave 
power“: as mentioned, it fluctuates, 
and the fluctuations must be com- 
pensated by the power grid. As in the 
case of wind power plants, the power 
production varies with changing 
weather conditions, and depending on 
the location of the plant, the tidal vari- 
ations add to the fluctuations. For 
owe power plants, there is in addi- 
tion a periodic fluctuation which re- 
flects the relatively high frequency of 
the incoming waves and is passed on 
to the power grid. 

To be economically feasible, pow- 
er plants must be planned for an op- 
erating lifetime of at least twenty 
years, while their “moving parts “ 
should last at least ten years. In esti- 
mating the financial boundary condi- 
tions for the use of wave energy, a fun- 
damental physical property of the 
waves must be considered: Their en- 
ergy increases as the square of their 
amplitude or height. To illustrate the 
economic and technical restrictions, 
let us consider an example: Suppose 
that a wave energy converter is de- 
signed to extract energy from waves 
that are one meter high. In order to 
withstand extreme storms, however, 
at the same time it has to be able to 
deal with waves that are roughly ten 



times higher - that is, waves ten meters high. Such waves 
carry wave energies which are a hundred times greater than 
that of the waves for which the plant is designed! This re- 
quirement can cause the construction costs to explode in 
comparison to those of other types of power plants. 

other Technologies for the Exploitation of 
Wave Energy 

As mentioned at the beginning, there are numerous differ- 
ent ideas for extracting energy from ocean waves. Two of 
them are distinguished by their special designs. Their de- 
velopers are trying to take the bull by the horns and solve 
the main economic problem of wave energy plants: the re- 
quirement that the plant be able to survive “monster 
waves“. Both systems have been built as prototypes. 

Figure 8 shows the Archimedes Waveswing. It consists 
of submerged cylinders which are anchored to the ocean 
floor; they are 21 m high and 10 m in diameter. A wave 
which passes above this structure gives rise to a “ dynamic “ 
variation in its buoyancy; the oscillating water flow moves 
the closed cylinders up and down. This design has the ad- 
vantage that it is not subject to the strong wave forces near 
the surface of the water. Its disadvantage: in the deeper wa- 
ter levels, only a small fraction of the wave energy is still 
available. If the cylinders were anchored near the surface 
in shallow water, then the rolling motion of the waves 
would cause strong horizontal stresses; the cylinders can- 
not convert these motions into usable energy, they only add 
to the load on the structure. The first prototype of the 
Archimedes Waveswing was installed at a site off the Por- 
tuguese Atlantic coast, and fed electric power of up to 
1.5 MW into the Portuguese power grid. 

The builders of Pelamis (Figure 9) asked themselves the 
question as to how an energy converter would have to be 
designed in order to survive large waves with the lowest 



Fig. 9 The prototype of a Pelamis 
plant, which was installed in 2004 off 
the Scottish Orkney Islands (photo: 
Ocean Power Delivery Ltd.). 
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construction costs. The result is a system which can be 
strongly deformed by smaller waves, and converts their en- 
ergy in an optimal fashion, but will still not be damaged by 
large waves. Since Pelamis is a kind of “snake “ made of mov- 
able, coupled segments, it was given the name of a genus 
of sea snakes. With a total output power of 750 kW, the pro- 
totype Pelamis is around 150 m long and 3 5 m in diame- 
ter. 

Normal sea conditions, with a relatively moderate ver- 
tical oscillation, cause the segments of Pelamis to perform 
a horizontal evasive motion, like a sea snake swimming. Hy- 
draulic assemblies convert this motion into usable energy. 
They produce a high pressure whose energy is stored in in- 
termediate air pressure chambers. These chambers then 
feed hydraulic turbines which operate at constant speed. 
Pelamis thus converts brief wave impulses with a high pow- 
er into a constant, lower power output from the turbines. 
For this reason, the pumping power capacity of the hy- 
draulic pumps must be designed to be considerably greater 
than the power output of the hydraulic turbines. 

When confronted by large waves, on the other hand, 
Pelamis acts like a stiff structure. It cannot follow the large 
vertical oscillations, and simply dives through the waves. 
Since its structure has a relatively small cross-sectional area, 
it is subject to only moderate forces when diving through 
large waves. For that reason, this new approach is very 
promising. After the prototype was tested for several years 
off the Scottish West Coast, an improved sea snake was con- 
structed: Pelamis P2 is 180 m long, 4 m in diameter, and 
weighs in at 1300 tons [5]. 

Can Wave Energy Soon Be Commercially 
Exploited? 

The energy crisis in the 1970’s aroused strong interest in 
renewable energy sources. Thus, the use of wave energy for 
electric power generation, like many other renewable en- 
ergy sources, became the subject of intense research. After 
the end of the crisis, the technology was however deemed 
too expensive and was put aside. Only a few, for the most 
part Asian research institutions continued working on the 
topic. In Europe, this situation changed only in the 1990’s. 
At that time, the European Union included wave-energy 
conversion in the research program JOULE. A major part of 
the European prototypes described here are based upon 
this research effort. In Germany, there is no official program 
of research support for wave energy. In Denmark, in con- 
trast, a broad-based program is in place, which is intended 
to repeat the successes achieved in the use of wind ener- 
gy* 

This European research is today most certainly the mo- 
tor for further developments. In Asia, however, the research 
projects have thus far not been successful. The Japanese en- 
ergy providers do not want to feed the fluctuating power 
from wave-energy plants into their grid. In India, it was ex- 
pected that energy production costs should be at the level 
of conventional (fossil-fuel) plants. Both of these demands 



OPERATING PRINCIPLES OF OWC TURBINES 



In wave power plants, the turbines have 
to withstand about twenty load alter- 
ations every minute. In OWC power 
plants, these vary not only between zero 
and maximum flow rates, but they also 
periodically reverse the direction of flow. 
The development of frequency transvert- 
ers for wind turbines has made it possi- 
ble that the generators no longer require 
a constant rotation speed. But so far, the 
direction of rotation must be kept 
constant. In order to solve this problem, 
there are two approaches in use today: 
the Wells turbine and the impulse 
turbine. Both types are currently being 
tested to determine whether they are 
serviceable for wave power plants. 



Wells Turbines 

The Wells turbine has blades with a 
symmetric profile which is perpendicular 
to the air flow. Once they are set in 
motion, they maintain their direction of 
rotation, even if the direction of the air 
flow changes. When the turbine is 
rotating, the overall approach flow to 
the blades is composed of two compo- 
nents: one component is the air which is 
flowing into or out of the OWC, the 
other is the approach velocity of the 
airfoil, which depends on its rotational 
speed. The two components add to give 
an overall velocity. It makes an angle 
with the airfoil which depends on the 
two flow velocities. The resulting reac- 
tion force on the airfoil is perpendicular 
to the overall flow. The reaction force 
can be further decomposed into a 
driving force and a buoyancy force. 



OWC air flow 




Operating principle of the Wells turbine. 



The buoyancy force simply pushes 
against the turbine bearings and is not 
useful; only the driving force con- 
tributes to the rotation of the turbine. 
If the direction of the OWC air flow 
reverses, the force diagram remains 
the same. This decomposition of forces 
makes it clear why a Wells turbine has 
a lower efficiency than a conventional 
turbine. 



owe air flow 



of rotation 







/Approach flow through 
rotation (‘slip stream’) 

I Reaction 

Driving force"^ force 

Distribution offerees on one blade of 
a Wells turbine. 



Impulse Turbines 

Those designs, which redirect the 
approach flow within the turbine rotor, 
are much simpler. Impulse turbines 
have fixed guide vanes for this purpose 
(shown black in the figure), between 
which the turbine rotor (blue) revolves. 
The figure shows (as dashed red lines) 
how the guide vanes direct the OWC air 
flow in such a way that it produces a 
driving force on the blades of the 
turbine rotor. Reversal of the flow 
direction does not change the direction 
of rotation of the rotor. The impulse 
turbine has the disadvantage that 
losses occur in the redirection of flow 
before and after the turbine rotor, as 
well as in the gaps between the turbine 
blades and the guide vanes. For this 
reason, it initially could not compete 
successfully with the Wells turbine. Its 
superior constant-velocity properties 
could however soon put it back on the 
map. 




Operating principle of the impulse 
turbine. 




were discussed in Europe at the time when wind energy 
was being introduced, and have to a large extent been put 
into perspective. For example, in practice it has become ap- 
parent that the power grid can buffer the fluctuations due 
to wind power feed-in without problems. It would also be 
helpful for the comparison with conventional power gen- 
eration if all external costs (environmental effects, resource 
consumption, risks) were to be included in the computa- 
tions. This has for the first time created economically ac- 
ceptable boundary conditions for the commercial wave-en- 
ergy projects. Developments such as the entry of the large 
water turbine manufacturer Voith Hydro in Heidenheim, 
Germany into the area of sustainable energy, through its 
purchase of the Scottish pioneer Wavegen, show that wave- 
energy power plants are now on the threshhold of com- 
mercial success. 

How Expensive Would Wave Energy Be? 

A rough estimate of the most important cost factors yields 
the following results: The price per kilowatt hour from in- 
stallations which are integrated into breakwaters and can 
therefore be favourably costed, would, according to the es- 
timate of Voith Hydro, be 15 €-cent/kWh [6] . This is already 
notably lower than the cost of photovoltaic power in the 
foreseeable future (see the corresponding chapters in this 
book). 

The energy price for floating systems is in fact strong- 
ly dependent on the costs of underwater power cables, 
which are required to transport the current generated. The 
increasing number of offshore wind-energy parks will cer- 
tainly lower the production costs of these cables. Further- 
more, combined wave and wind energy power plants could 
utilize the same underwater cables cooperatively. This 
would effectively halve the cable costs. 

An additional argument in favor of the use of ocean 
wave energy is the European electric power consumption 
in practice: In winter, power consumption increases. At the 
same time, the North Atlantic weather situation produces 
more wave and wind energy on the European seacoasts. In 
comparison to solar energy, which is mainly available in the 
summer, these two energy sources thus conform much 
more closely to the seasonal energy consumption patterns 
in Europe. 

Conclusions 

The technological and commercial boundary conditions to- 
day - for the first time - are bringing the use of wave en- 
ergy into reach. For European energy policy, it will be de- 



cisive whether the current prototype plants operate reliably 
in the coming five to ten years. Success here would stimu- 
late the construction of commercial wave power plants. 
With an increasing number of plants, the technology could 
be optimized and would certainly become less expensive. 
Then, the immeasurable energy of the oceans could make 
a perceptible contribution to the energy supply for hu- 
manity on a long-term basis. 

Summary 

Prototypes of wave power plants have been tested for sever- 
al decades, mostly utilizing the technology of an oscillating 
water column (OWC). Autonomous OWC lighthouse buoys 
have already successfully established themselves. Larger pow- 
er plants have been tested in the form of floating and sta- 
tionary prototypes with power outputs of up to a megawatt 
The main problem and most serious cost factor are extreme 
waves, which can destroy such systems during installation 
and operation. The European Union is now supporting pilot 
projects with the goal of introducing commercial wave plants 
if the pilot plants are successful. Electrical power from wave 
plants would presumably cost about the same as wind-gen- 
erated power. 
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Osmosis Power Plants 

Salty vs. Fresh Water 

BY KLAUS-VIKTOR PEINEMANN 



One possibility of obtaining sustainable ener- 
gy from seawater is the use of osmosis. The 
key to this technology is the development of 
efficient membranes which allow water to 
pass through, but not salt 



O smosis is an omnipresent process, which for example 
causes sausages to burst in hot water. Osmosis plays 
an important role in every living cell for materials trans- 
port, and it allows trees to pump water up to great heights. 
It can also be used as a source of sustainable energy every- 
where where fresh water flows into salty seawater at the 
mouths of rivers. 

The Norwegian energy concern Statkraft, which has 
been working on the development of such osmosis power 
plants since 1997, estimates the global potential of this tech- 
nology to be in the range of 1600-1700 TWh of electrical 
energy per year [1]. For comparison: In the year 2008, all 
the hydroelectric plants on earth produced about 
3200 TWh, and the nuclear plants produced over 3100 TWh 
[2]. For Europe, Statkraft estimates a potential of 
200 TWh/a, and for Norway, 12 TWh/a [3]. There, in the 
town of Tofte on the Oslofjord, Statkraft put the world’s 
first osmosis pilot plant into operation in the fall of 2009. 

Osmosis occurs whenever a semipermeable membrane 
separates solutions of a differing salt concentration (or sug- 
ar concentration, etc.). ‘Semipermeable’ means that the 
membrane allows water to pass through, but not the dis- 
solved salt. If such a membrane is between a salt solution 
and pure water, the water tends to pass through it into the 
salt solution. The reason for this is that the fraction of pure 
water in the salt solution is lower, so that the flow of wa- 
ter through the membrane tends to equalize this concen- 
tration difference (diffusion). 

On the saltwater side of the membrane, the pressure is 
thus increased, depending on the concentration of the salt 
solution. This additional pressure is called ‘osmotic pres- 
sure’. With a suitable installation, it can be utilized to drive 
a turbine and generate electrical power (Figure 1). Some 
portion of the diluted saltwater must however be diverted 
off the flow before it reaches the turbine, in order to pres- 
surize the newly-arriving saltwater to the level of the os- 
motic pressure. In contrast to the simplified schematic in 



Fig. 1, the thin membranes are in fact rolled up into com- 
pact modules. 

The osmotic pressure can reach rather high values. In 
blood, it is for example 7.5 bar, while for seawater, with a 
salt concentration of 33g/l, it is 25 bar. This means that a 
column of water 250 m high could be supported on the sea- 
water side if seawater and fresh water are separated by a 
semipermeable membrane. However, only about half of the 
theoretical maximum pressure can be utilized technically, 
about 13 bar - which still corresponds to a water column 
130 meters in height. This would be a very effective water 
head for hydroelectric plants. 

The idea of constructing osmosis power plants at loca- 
tions where rivers flow into the sea came into play rather 
early. In 1974, two patents on energy production through 
osmosis were independently applied for in the USA alone. 
The pioneer of osmosis power plants is considered to be 
the Israeli Sidney Loeb, who introduced his concept in 1975 
[4]. 

For a long time, there was little interest in this idea. The 
available membranes at the time were much too ineffective, 
and there was no hope of being able to compete success- 



A schematic of an 
osmosis power 
piant Saity and 
fresh water flows 
through a basin 
with a semiper- 
meabie membra- 
ne. Osmosis has 
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pushing the fresh 
river water into 
the saity seawater 
compartment, 
whereby an 
overpressure 
resuits. A portion 
of the surpius 
water can flow 
out of this com- 
partment and 
drives a turbine. 




FIG. 1 I AN OSMOSIS POWER PLANT 
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Fig. 2 A scanning 
electron micros- 
cope image of an 
osmosis membra- 
ne. in the cross 
section, one can 
discern the 
support layer 
below and the 
filter layer above 
it 
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fully with the low power costs from fossil fuel plants. In the 
1990’s, engineers at Statkraft and the Norwegian research 
institute SINTEF (in Trondheim and Oslo) took up the idea 
again. They began research to find more effective mem- 
branes, together with several European partners. One of 
these partners was the Institute for Polymer Research at 
the GKSS Research Center in Geesthacht, Germany, where 
our group prepared membranes on a prototype scale for 
testing. 

The starting point for this development were the mem- 
branes used for the desalination of seawater. This process 
is called reverse osmosis, since here, an external pressure 
which is notably higher than the osmotic pressure must be 
applied to the seawater side, causing pure water to pass 
through the membrane. By modifications of the membrane 
structure, it proved possible to increase the osmotic pow- 
er of the membranes by a factor of 20. Today, at the King 
Abdullah University of Science and Technology in Saudi 
Arabia, we are working on the continued improvement of 
osmotic membranes. 

The most efficient desalination membranes are com- 
posite materials. The actual desalination effect occurs with- 
in a layer which is only about 1/10,000^^ of a millimeter 
thick. It is supported by a porous substrate of 0.1 to 0.2 mm 
thickness (Figure 2). Research and development of more ef- 
fective osmosis membranes is concentrating particularly on 
this substrate layer, which must be as open as possible. 

In addition to membranes derived from reverse osmo- 
sis technology, research groups around the world are work- 
ing on completely new structures, which are as yet still 
dreams for the future. One idea is to use substrate layers 
made of parallel-oriented carbon nanotubes, which serve as 
tiny transport channels for the water. Scientists at the 
Lawrence Livermore Laboratory in California were able to 
demonstrate this in principle in 2006 [5]. 

The critical factor for success is the electric power 
which can be generated per square meter of membrane 
area. According to the calculations of the Statkraft engi- 
neers, an output power of 4 to 6 W/m^ of membrane area 
is necessary in order to be competitive with other sources 
of sustainable energy. We have not yet quite reached this 
goal, but have come very close due to the development 
work in recent years. Our group achieved about 3 W/m^ in 
2009. 

In addition, the newly-developed membranes must be 
feasible to manufacture in large quantities at a price of about 
10 €/m^ in order to make osmosis power competitive. Just 
to utilize 10 % of the estimated European potential, we 



would require 700 million square meters of membrane ma- 
terial [I]. In considering this number, however, one must 
not forget that for desalination, already many millions of 
square meters have been manufactured. 

The potential is great. Osmosis power plants can be built 
anywhere where fresh water flows into the sea and where 
the gradient of salt concentration is sufficiently large. The 
thermodynamically-possible maximum energy (reversible 
work) which is released when I m^ of fresh water comes 
into contact with seawater is 2.2 MWh [6]. Of course, in 
practice only a fraction of this energy can be used. In con- 
trast to wind energy and solar power, an osmosis power 
plant is independent of the weather, and is therefore a gen- 
uine base-load power source. Among renewable energy 
sources, only geothermal energy and the combustion of re- 
newable biomass are in this same category. 

The challenges for the developers of membranes and 
plants are great. But the chance of being able to revive a 
thirty-year-old idea and make it into a new source of re- 
newable energy spurs all those involved on to increased ef- 
forts to succeed with this exciting project. 

Summary 

A possibility of obtaining sustainable energy from the oceans 
is offered by the use of osmosis. Its worldwide potential has 
been estimated by the Norwegian energy concern Statkraft to 
be around 1 600 TWh per year. This corresponds to 50 % of the 
worldwide power output of hydroelectric plants (as of 2008). 
Statkraft put the world's first prototype of an osmosis power 
plant into operation in the fall on 2009. It is located in Tofte, 
on the Oslofjord, Norway. 
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DLR Studies on the Desertec Project 

Power from the Desert 

BY Franz Trieb 



By the year 2050, according to the DESERTEC concept, sus- 
tainable energy from the sunny regions of Southern Europe, 
North Africa and the Middle East could yield so much power 
that all these countries could cover their own needs and also 
supply 1 5 to 20 % of the power consumed in Northern Europe. 
This project is based on studies by the German Aerospace 
Center (DLR). 



I n the year 2003, the Club of Rome, the Climate Protec- 
tion Fund in Hamburg, and the Jordanian National Ener- 
gy Research Centre together developed the DESERTEC con- 
cept. The Desertec Eoundation which was subsequently es- 
tablished, together with twelve industrial firms, published 
a Memorandum of Understanding in July, 2009, calling for 
construction of the project. On October 30, 2009, the in- 
dustrial initiative DU GmbH founded; it is charged with 
preparing a business plan for practicable investments by 
2012. The goal of these activities is to construct power 
plants in the countries of Southern Europe, North Africa and 
the Middle East by 2050 that can meet the energy needs of 
those countries from sustainable sources, mainly solar and 
wind energy, and in addition can supply 1 5 to 20 % of the 
remaining European power consumption (Eigure 1). 

The DESERTEC plans are based on studies in which the 
German Aerospace Center (DLR) determined the potential 
of sustainable energy sources for producing electric pow- 



A sketch of the 
possible infra- 
structure for 
delivering power 
to Europe, the 
Near East and 
North Africa 
(EU-MENA). CSP: 
Concentrated 
Solar Power, i.e. 
solar-thermal 
power; PV: photo- 
voltaics (source: 
TREC/CoR). 




er and potable water in 50 countries in Europe, the Middle 
East and North Africa (abbreviated EU-MENA countries). 
The studies showed that sustainable sources in these re- 
gions could provide enough electric power and desalinat- 
ed water to meet the needs of the Mediterranean countries 
and also deliver power to the rest of Europe. To generate 
this exported power, a land area of 2500 km^ would be re- 
quired, assuming that concentrating solar-thermal power 
plants (CSP) are utilised; this is roughly the area of the Ger- 
man state of Saarland. An additional 3600 km^ would be 
needed for building high-voltage transmission lines. In this 
chapter, I summari2e the results of our DLR studies, treat- 
ing the aspect of water desalination only briefly. 

The Increasing Demand for Electric Power and 
Water 

As a first step for our analysis, we determined the demand 
for electric power and its projected evolution up to the 
middle of the 21^^ century. A part of the energy problem is 
also the growing deficit in the supply of potable water in 
the Middle East and North Africa (MENA), meaning that the 
demand for energy-intensive desalination of seawater will 
increase. Eor simplicity, we assumed that the energy re- 
quired for this desalination, for example by reverse osmo- 
sis (see preceding chapter), would also be provided entire- 
ly in the form of electric power in the long term. 

According to estimates by the United Nations, the pop- 
ulation of Europe, now around 600 million, will remain sta- 
ble, while the MENA region, which had a population of 300 
million in the year 2000, will increase also to 600 million 
by 2050. Economic growth has two contradictory effects 
on the consumption of power and water: On the one hand, 
the demand for both increases in a growing economy; on 
the other, the efficiency of production, distribution and con- 
sumption also improves. In the past decades, a decoupling 
of economic growth and energy consumption could be ob- 
served in all the industriali 2 ed countries. In order to be able 
to afford measures to increase efficiency, a certain economic 
level above the bare existence minimum must first be at- 
tained. This precondition in the meantime holds in most of 
the MENA countries [1]. 

Our analysis shows that by the year 2050, the demand 
for electric power in the Middle East and North Africa will 
be around 3000 TWh/a (Eigure 2). It will thus be compa- 
rable to the present consumption level in Europe. At the 
same time, it must be presumed that European consump- 



Renewable Energy. Edited by R.Wengenmayr, Th. Biihrke. Copyright © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 



tion will continue to rise and will stabili2e near a value of 
roughly 4000 TWh/a (Figure 3). Due to increases in effi- 
ciency, our model yields lower values for the predicted re- 
quirements than some other scenarios [2]. On the other 
hand, there are also scenarios which are based on a lower 
demand [3,4]. A reduction of the demand in Europe after 
2040 is indeed possible, but uncertain. A stagnation or 
slightly increasing demand is equally possible, since it may 
prove to be the case that new, energy-intensive services 
such as electric vehicles or hydrogen fuels for the transport 
sector will be required. We have not taken such possible 
paradigm changes into account in our study, but rather con- 
sidered only the classical electric power sector. 

We carried out a similar analysis for the water sector in 
the MENA countries. It clearly showed that these countries 
will be facing very serious problems in terms of their wa- 
ter supply in the not-too-distant future, if they do not soon 
take the necessary additional measures. Desalination of sea- 
water is one of these additional options. Under the as- 
sumption that on the average, 3 5 kWh of electric power is 
required for the desalination of one cubic meter of water, 
this would lead to an additional requirement for nearly 
550 TWh/a by 2050 for desalination alone. This corresponds 
to the current power consumption of a country like Ger- 
many, and must be added to the consumption values shown 
in Fig. 2. 

Available Resources and Technologies 

At present, the power consumers in the EU-MENA countries 
have no other choice but to pay the steadily-increasing price 
of power from fossil and nuclear fuels. This situation is ex- 
acerbated by the fact that fossil and nuclear fuels tech- 
nologies today still receive ca. 75 % of all public subsidies 
for the energy sector. This figure would increase to over 
90 % if external costs were also counted as hidden subsidies. 

On the other hand, a number of sustainable-energy tech- 
nologies are available (see the downloadable table at 
www.phiu 2 .de special features/Zusat2material 2 u den 
Heften). Some of them produce energy on a fluctuating ba- 
sis, for example wind energy and photovoltaic installations, 
while others could provide both peak-load and base-load 
power as needed. Among these are the biomass, hydro- 
electric power and concentrating solar thermal power 
plants. 

The long-term economic potential of renewable ener- 
gies within the EU-MENA region is much greater than its cur- 
rent power consumption; in particular, solar energy literal- 
ly outshines all the others. The average energy of the annual 
insolation in the MENA region is 2400 kWh/m^. If this en- 
ergy were captured by solar-thermal power plants, up to 
250 GWh of electrical energy could be obtained per year 
from a square kilometer. This is 250 times as much as from 
the biomass and five times more than with the current best 
wind or hydroelectric plants per square kilometer. A field 
of concentrating solar collectors on the same land area as 
the Nassar Lake in Egypt -more than double the si 2 e of the 




A technician working on a parabolic-trough mirror at the Andalusian solar power 
plant AndasoL The central receiver tube is readily seen; here, the concentrated 
sunlight heats a thermal transfer fluid, which then drives a turbine and its associat- 
ed electric generator (photo: Solar Millenium). 



Saarland - would be able to generate as much energy as all 
the oil produced in the Middle East. In contrast, the Nassar 
Lake, which causes enormous ecological problems, yields 
only a fraction of Egypt’s power needs. 

In addition, there are also other sustainable energy 
sources in the EU-MENA region. There is a potential of 2000 
TWh/a from wind energy, and an additional 4000 TWh/a 
from geothermal energy sources, hydroelectric power and 
the biomass. The latter includes waste products of agricul- 
ture and forests, as well as refuse from cities and sewage. 
Photovoltaics, wave and tidal energy also have a consider- 
able potential in the region; to be sure, each of these sus- 
tainable energy sources has its specific geographic distrib- 
ution (Figure 4), so that every sub-region exhibits its indi- 
vidual mixture of resources. Hydroelectric power, biomass 
and wind energy are the favored sources in the North, while 
solar and wind energy are the strongest sources in the South 
of the EU-MENA region. 

Fossil energy sources such as coal, petroleum and nat- 
ural gas represent a useful complement to the mixture of 
sustainable energies, since they can readily be used for en- 
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FIG. 2 I POWER CONSUMPTION IN MENA 




Year 

A scenario describing the power requirements of the MENA 
countries investigated: ■ Egypt, ■ Saudi Arabia, B iran. 



ergy balancing and for securing the stability of the power 
grid. If their usage can be reduced to the point where they 
serve only to provide a reserve capacity, the current price 
rises will presumably be stopped and only a minor stress 
on the economic development will result. Furthermore, 
their environmental effects will be minimized. In addition. 



FIG. 3 I POWER CONSUMPTION IN EUROPE 




Year 

A scenario describing the power requirements of the Euro- 
pean countries investigated: ■ Turkey, ■ italy, ■ Great 
Britain, □ Germany, ■ France. 

their availability will be extended over a period of decades, 
if not centuries. 

Nuclear power plants, in contrast, are less suitable for 
use in combination with sustainable energy sources, since 
their power output cannot be adjusted to a fluctuating de- 
mand, owing to economic constraints. Furthermore, the 



FIG. 4 I SUSTAINABLE ENERGY SOURCES FOR EU-MENA COUNTRIES 
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A map showing sustainable energy scources for the EU-MENA region, with the annual minimum and maximum electrical 
energy yields (in parentheses) that can be obtained from 1 km^ of land area in each case. Solar energy includes both photo- 
voltaics and solar thermal power. The darker areas are the most productive. 
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costs of decommissioning nuclear power plants exceed 
those of their construction, and the well-known problems 
remain, such as the uncontrollable proliferation of plutoni- 
um and the final disposal of nuclear waste. 

Some of the sustainable energy sources are likewise able 
to supply power on demand for peak loads as well as for 
the base load, as needed. Among these are geothermal en- 
ergy, hydroelectric plants in Norway, Iceland and in the Alps, 
as well as most biogenic sources and concentrating solar 
thermal power plants in the MENA region. These last, as so- 
lar-driven steam power plants, make use of the strong dai- 
ly insolation in this area, which is relatively evenly spread 
over the year. And they offer the possibility of storing solar 
thermal energy for nighttime operation, as well as the op- 
tion of using additional heat input from combustion of fos- 
sil fuels or biomass. 

Solar-Thermal Power as a Key Element 

Steam and gas turbines powered by coal, uranium, oil and 
natural gas are today’s guarantees of power-grid stability. 
They provide base-load and peak-load power. However, tur- 
bines can also be operated with high-temperature heat from 
concentrating solar collector fields (Figure 5). Solar thermal 
power plants of this type with 30 to 80 MW output power 
have already been operating successfully in California for 
over 20 years, and new plants are being constructed right 
now in the USA, Spain and other countries, with up to 
1000 MW of output power. By 2015, as much as 10 GW of 
solar-thermal power capacity could be installed worldwide, 
and by 2025, even 60 to 100 GW. At present, nearly 1 GW 
is online. According to a current study, today’s solar energy 
price of 27 €-ct./kWh in Spain could decrease to below 
10 €-ct./kWh [5]. 

The example of Andasol in Andalusia can be used to il- 
lustrate the principle (see the picture on p. 121). The plant 
consists of three installations of the same size, each using 
long, trough-like mirrors with a parabolic cross-section, sim- 
ilar to oversized rain gutters. In Andasol 1, an overall area 
of nearly two square kilometers contains more than 600 of 
these collectors, each one 150 meters long and 5.7 meters 
wide. All together, the mirrors have a surface area of more 
than 500,000 square meters (Figure 5). 

Electric motors turn the collectors around their long 
axes to follow the path of the sun. The solar radiation, 
which falls perpendicular onto the collectors, is concen- 
trated by a factor of ca. 80 in their focal line. Along this line, 
the absorber tubes are mounted. Their surfaces are covered 
with a special coating which absorbs sunlight especially 
well and converts it to heat. The tubes are filled with a syn- 
thetic oil, which is heated to nearly 400° C. The hot oil 
flows into a heat exchanger where its heat vaporizes wa- 
ter. As in a conventional power plant, the hot water vapor 
- steam - shoots into the turbines, which are connected to 
generators that produce electric power. The temperature of 
the steam at the turbine entrance is comparable to that in 
nuclear power plants. As in any steam power plant, the 




Fig. 5 Andasol 1 and 2 with a thermal-storage reservoir in the foreground 

(photo: Solar Millenium). 



steam must be condensed when it exits the turbines. Since 
there is no cooling water in dry desert regions, dry coolers 
and so-called Heller cooling towers are employed there. 

These have proven to work well with conventional steam 
plants, for example at oil-fired plants in Saudi Arabia. 

Experiments are also being carried out employing oth- 
er heat-transfer media in the tubes. Molten salts can be used 
instead of oil; they can be heated up to 550° C and thus 
yield a higher efficiency for the turbines. Furthermore, it is 
possible to vaporize water directly in the tubes, thus avoid- 
ing the need for a heat exchanger. This technology is 
planned for a part of Andasol 3. 

In contrast to solar cells, where the solar energy is con- 
verted directly into electric power, solar-thermal plants pass 
through an intermediate stage using heat energy. It can be 
stored on a large scale relatively easily in comparison to 
electrical energy, and this offers a considerable advantage. 

At Andasol, two large tanks of 14 meters height and 36 me- 
ters in diameter are used as heat-storage reservoirs. They are 
filled with a molten salt which is heated by the absorber flu- 
id. Using this stored thermal energy, the plant can then de- 
liver its full power for up to eight hours after sunset. There- 
fore, these plants are suitable for supplying both base-load 
and peak-load power, and also for providing balancing pow- 
er to stabilize grid fluctuations. With an output power of 
50 MW, Andasol 1 operates with solar heat input for 85 % 
of its annual power production; the rest is obtained from 
natural gas combustion. 

It is also advantageous that solar-thermal plants can pro- 
duce both heat and electric power. They can thus deliver 
steam also for absorption cooling machinery, industrial 
process heat, or thermal desalination of seawater. 

Technological and Economic Questions 

Taking into account the technological, social and econom- 
ic boundary conditions, we developed a scenario for ener- 
gy production in the 50 MENA countries up to the year I 113 




FIG. 6 I POWER GENERATION IN THE MENA COUNTRIES 
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included. 



FIG. 7 I POWER GENERATION IN EUROPE 




Power generated on the basis of sustainable, fossil and nuclear energy sources in 
European countries to supply the energy demand, including imports of solar power 
from the MENA countries. 

2050. With the exception of wind and hydroelectric pow- 
er, sustainable energy forms will hardly play a role in elec- 
tric power generation there before 2020 (see Figures 6 and 
7). At the same time, we assumed in our study that the phas- 
ing-out of nuclear power in many European countries and 
the stagnation of the combustion of lignite and anthracite 
coal for environmental reasons will lead to an increased uti- 
li 2 ation of natural gas. We used the official scenario of the 
European Commission up to 2020, which presumes a de- 
crease in nuclear power plants of one percent per year. 

Up to 2020, the growing fraction of sustainable energies 
will for the most part serve to reduce the combustion of fos- 
114 1 sil fuels. They can however also to some extent replace the 



existing generating capacity for balancing power. Owing to 
the generally increasing demand for power and the re- 
placement of nuclear plants, the combustion of fossil fuels 
will probably not be markedly reduced before 2020. The 
combustion of oil for power generation will have almost 
completely vanished by 2030 for cost reasons, followed by 
nuclear power in the last decade of the scenario. The latter 
will no longer be needed and will no longer be operable on 
an economically feasible basis due to the limited capacity 
utilization of conventional power plants. The consumption 
of natural gas and anthracite coal will increase in the in- 
termediate period up to 2030 and then be reduced to a 
compatible and financially acceptable level by 2050. In the 
long term, it cannot be excluded that new types of con- 
sumers such as electric automobiles will cause the demand 
for power to again grow, so that an increased exploitation 
of sustainable energies will be necessary. Sufficient poten- 
tial for this is in any case assured. 

The mixture of electric power supplies in the year 2000 
contained five sources, of which most are limited, while the 
projected mixture in 2050 includes ten sources, of which 
the majority are sustainable. For this reason, our scenario 
fulfills the declared goal of the European Commission in its 
“European Strategy for Sustainable, Competitive and Secure 
Energy”, aiming at a greater diversification and security for 
the European energy base. 

An essential condition for choosing a sustainable mix- 
ture of energy sources is the provision of secure power 
generation as needed, with a reserve of the order of 25 % 
in addition to the expected peak demand (Figure 8). Prior 
to the beginning of a significant delivery of power from the 
MENA countries in 2020, this can be guaranteed only by ex- 
tending the capacity of peak-load power plants using nat- 
ural gas, and later using gas from gasification of coal. 

In Europe, the natural gas consumption will double as 
compared to the year 2000, but will then fall back to its orig- 
inal level after 2020, when an increasing proportion of im- 
ported power from solar-thermal sources becomes avail- 
able, along with geothermic and hydroelectric power, the 
latter from Scandinavia. European sustainable-energy 
sources which could provide a secure capacity are unfor- 
tunately limited in terms of their potential. Therefore, the 
import of solar thermal power from MENA to Europe - 
which came under consideration through the efforts of the 
Desertec Foundation - will be indispensable, in order to 
combine with the capacity and fuel availability of gas-fired 
peak-load plants to provide a continually-secured, sustain- 
able energy production capacity. 

In MENA countries, concentrating solar thermal power 
plants represent the only sustainable source which is in fact 
in a position to supply the rapidly-growing demand for elec- 
tric power. It can deliver both peak-load and base-load pow- 
er as needed and is thus an important contributor to grid 
stability. Fluctuating power from wind and photovoltaic 
sources cannot be smoothed out here, as in Northern Eu- 
rope, because in these dry countries there is no hydro- 










electric power from pumped-storage plants. According to 
our scenario, fossil-fuel plants will be used by 2050 only as 
a backup, to some extent also as supplementary power 
source for solar-thermal plants. This will reduce the com- 
bustion of these fuels to an acceptable level and will put a 
limit on the otherwise soaring costs of electric power. Fos- 
sil fuels will be employed to guarantee that power is always 
available, while their consumption will be strongly reduced 
by the use of sustainable energy sources. 

To complement the mixture of sustainable power 
sources, an efficient backup infrastructure will be neces- 
sary: On the one hand, it must provide a secure generating 
capacity oriented to consumers’ needs and based on gas- 
fired peak-load plants which can react quickly to power 
shortages; on the other, an efficient power grid must be es- 
tablished to allow the transmission of power from the most 
suitable production sites for sustainable sources to the ma- 
jor centers of power consumption. One possible solution 
is a combination of high-voltage DC transmission lines 
(HVDC) with a conventional AC grid. 

Power Transmission over HVDC Lines 

By 2050, according to our scenario, transmission lines with 
a capacity of 2.5 to 5.0 GW each must be able to transport 
around 700 TWh of solar energy per year from 20 to 40 dif- 
ferent locations in the Middle East and North Africa to the 
major centers of consumption in Europe (Table 9), thus 
supplying ca. 15 % of the European power requirements. 
The cost of these imports is based on low production costs 
of ca. 0.05 € 2 ooo-ct./kWh and a high flexibility for base-load, 
balancing power and peak-load operation (see below). 
Since our present AC grids would have overly high trans- 
mission losses at such high power levels and long trans- 
mission distances, it will be necessary to employ HVDC 
transmission lines. HVDC is available as a mature technol- 
ogy and is becoming increasingly important for the stabi- 
lization of large-area power grids. It contributes to the 
strengthening of equalization effects between local and dis- 
tant energy sources and to containment of operational in- 
terruptions in larger power plants by utilizing back-up ca- 
pacity from far away. 

In mid-2010 in China, a nearly 1500 km long HVDC 
transmission line was put into operation. It connects sev- 
eral hydroelectric plants with the large cities Guangzhou, 
Hong Kong and Shenzen with a transmission capacity of 
5000 MW. This corresponds to the output power of five 
large plants. 

Power will be transported over sometimes long dis- 
tances throughout Europe and the MENA countries and 
then fed into the conventional grids. Analogously to a mo- 
torway network, a future HVDC grid will have only a few 
inputs and outputs, which connect it to the conventional 
AC grids. In this analogy, the present AC grids are compa- 
rable to the local and municipal street networks. They will 
carry out the local distribution of electrical energy, just as 
they do now. The energy loss in the HVDC lines over a dis- 
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tance of 3000 km will be about 10 %, in contrast to more 
than 45 % for transmission over conventional AC lines. 

There is a widespread misconception that for every 
wind farm or photovoltaic installation, a fossil-fueled back- 
up power plant of the same generating capacity must be 
built. In contrast, a model of the hourly time evolution of 
the energy supply systems of selected countries showed, in 
accordance with our scenario, that even without addition- 
al energy-storage capacity, the balancing power from the ex- 
isting peak-load plants suffices to equalize fluctuating de- 
mands. This holds so long as the fluctuating portion of the 
sustainable sources is smaller than the existing peak-load ca- 
pacity, which is the case in our scenario. 

In fact, the need for conventional base-load power plants 
will decrease step by step as a consequence of the grow- 
ing proportion of sustainable energy sources (Figure 9). 
Base-load power will be generated using coupled heat and 
power plants burning both fossil and biomass fuels, by 
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EU-MENA POWER EXPORTS FROM SOLAR-THERMAL PLANTS 







Year 






2020 


2030 


2040 


2050 


Capacity (GW) 




2x5 


8x5 


14x5 


20x5 


Transfer (TWh/a) 




60 


230 


470 


700 


Capacity utilization 


0.60 


0.67 


0.75 


0.80 


Land area 


CSP 


15x15 


30x30 


40x40 


50x50 


km X km 


HVDC 


3100x0.1 


3600x0.4 


3600x0.7 


3600x1.0 


Cumulative 


CSP 


42 


134 


245 


350 


Investm. Bil. € 


HVDC 


5 


16 


31 


45 


Power cost 


CSP 


0.050 


0.045 


0.040 


0.040 


€2000/kWh 


HVDC 


0.014 


0.010 


0.010 


0.010 



Cumulative investments up to 2050 for power transmission lines and plants, and the overall power 
cost incl. transmission in constant Euros referred to the year 2000. Power cost was computed on 
the basis of 5 % interest and 40 years operating life for solar-thermal plants and 80 years for the 
HVDC power lines. CSP: concentrating solar power plant; Capacity: in each case the number of 
blocks in a power plant x output power in GW. Recently, an update of this scenario has been 
published in [9]. 







runoff-river hydroelectric plants and by wind and photo- 
voltaic plants. Balancing power will be taken from more 
readily storeable sources such as hydroelectric plants with 
reservoirs, biomass or geothermics. This combination of en- 
ergy sources will not completely meet the daily demand 
variations, but will approach them closely The remaining 
peak-load capacity (or, more correctly, balancing power ca- 
pacity) will be provided by pumped-storage plants, water 
reservoirs, solar-thermal plants and peak-load plants burn- 
ing fossil fuels [6] . The generating capacity based on fossil 
fuels that is still in operation by 2050 will serve exclusive- 



FIG. 9 I GERMAN POWER GENERATION IN 2050 




Fluctuating and balancing power from various sources in a 
typical summer and winter week in Germany, from a model 
scenario with 90 % sustainable energy by the year 2050, 
installed generating capacity: Wind power, 65 GW; Gas 
turbines, 60 GW; Photovoitaics, 45 GW; Solar imports, 16 GW; 
Biomass, 8 GW; Pumped-storage plants, 8 GW; Runoff-river 
hydroelectric, 6 GW; Hydroelectric imports from Norway, 

6 GW; Geothermal, 5 GW, 



ly for load equali2ation or combined heat and power gen- 
eration. 

Cost-Effective Power from Sustainable Energy 
Sources 

Through worldwide installation of solar-thermal power 
plants, the cost of solar power will be reduced at a progress 
ratio of 85 to 90 % each time the installed capacity doubles, 
due to learning and rationali2ation effects [7] . Here an ex- 
ample: A solar thermal power plant at present, depending 
on the insolation at its site, can generate power for 0.15 to 

0. 20 €2ooo/kWh, assuming a capital interest of 6.5 % per year 
and a plant lifetime of 25 years. With 10,000 MW installed 
power capacity worldwide, this cost would decrease to 
around 0.80 to 0.10 €2ooo/kWh, and with 100,000 MW in- 
stalled capacity, to 0.04 to 0.06 €2ooo/kWh. Similar learning 
curves can be observed for all of the sustainable technolo- 
gies. 

A cost reduction of this order would be achieved for an 
assumed expansion of solar-thermal generating capacity 
from today’s 1000 MW to about 40,000 MW in the year 
2020 and 240,000 MW by 2030, including the capacity 
needed for desalination of seawater. Current scenarios even 
assume notably faster growth rates for solar-thermal in- 
stalled capacity. In the long term, an overall capacity of 500 
to 1000 GW could be installed worldwide by 2050. All the 
costs quoted above are in constant (year 2000) Euro values, 

1. e. without inflation. 

As soon as the point of cost equality with convention- 
al power generating sources has been reached, sustainable 
sources would grow more quickly, thus avoiding further ris- 
es in national electric power costs. In this manner, the pow- 
er cost of the energy mixture could be held constant, in 
some cases even reduced to an earlier level, by increasing 
the fraction of power from sustainable sources. This con- 
cept can be implemented in all the EU-MENA countries. 
The present continual escalation of power costs shows 
clearly that the broad-based introduction of sustainable en- 
ergy sources offers the only possibility of avoiding further 
cost increases in the energy sector on a long term basis, and 
of returning to a relatively low level of electric power costs 
in the medium term. 

An Alternative to Climate Change and Nuclear 
Power 

Implementing our scenario could lead to a reduction of car- 
bon dioxide emission values to a level which would be com- 
patible with the goal of decreasing the carbon dioxide con- 
centration in the atmosphere sufficiently to limit global 
warming to the range of 1.5° to 3 9° C. Assuming 1790 mil- 
lion tons of CO2 emissions per year in the year 2000 for the 
EU-MENA region, these emissions could be reduced to 
690 Mt/a by 2050, instead of increasing to 3700 Mt/a. The 
attainable level of 0.58 t/cap/a for the emissions per person 
and year due to electric power by 2050 is acceptable, in 
view of the recommended total emissions of 1 .0-1 .5 t/cap/a 




given by the Scientific Council on Global Environmental 
Change (WBGU) of the German Federal government. Oth- 
er harmful emissions will also be reduced by this scenario, 
without having to resort to the increased use of nuclear 
power, with its associated risks. 

At present, the technology of capturing and storing car- 
bon dioxide from coal-fired power plants is under devel- 
opment. This CCS process is treated in our study as com- 
plementary, but not as an alternative to sustainable energy 
sources. It in fact reduces the efficiency of the power plants 
and thus increases their consumption of fossil fuels by up 
to 30 %. 

All in all, our scenario indicates a way of effectively re- 
ducing the negative environmental influences of energy 
production. The model is suitable for worldwide applica- 
tion, as confirmed by a study from the U.S. Department of 
Energy (DOE) on the feasibility of the concept in the USA 
[ 8 ]. 

In order to implement the project, the governments of 
the EU-MENA countries must take the initiative now and 
provide the legal and financial boundary conditions for in- 
vestments in clean and sustainable energy. This is - not 
unimportantly - also a secure path to a sustainable water 
supply for the MENA countries. 

Summary 

Studies carried out by the DLR on the potential of sustainable 
energy sources in Europe, the Middle East and in North Africa 
have produced the following conclusions: Beginning with an 
existing fraction of 16% sustainable energy sources in the 
year 2000, a fraction of 80 %> could be achieved by 2050. To 
complement the sustainable energy sources, an efficient back- 
up infrastructure will be needed. It would yield a secure, de- 
mand-oriented electric power generating capacity with rapid- 
ly reacting peak-load plants burning natural gas and com- 
bining variable and flexible sustainable sources in a 
well-balanced way. Power transport to Europe would be car- 
ried out over high-voltage direct-current (HVDC) transmis- 
sion lines. If a beginning power transfer of 60 TWh/a were in- 
stalled between 2020 and 2030, it could be expanded to 700 
TWhIa by the year 2050. The strong insolation in the MENA 
region and the low transmission losses of ca. 10% by HVDC 
would lead to a competitive power cost ofca. 0.05 € 2000 ! kWh. 
Moreover, the guality of solar electricity imports on demand 
would be very high. Instead of the expected doubling of car- 
bon dioxide emissions by the year 2050, this concept would 
reduce them to 38 % of their level in the year 2000. Eorthe to- 
tal sustainable power plant park in the EU-MENA countries, 
only 1 % of their land area would be reguired. This corresponds 
to the present-day land use in Europe for transportation. 
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Hydrogen for Energy Storage 

Hydrogen: An Alternative 
to Fossil Fuels? 

BY DETLEF STOLTEN 



In times when nuclear power in some countries is being 
phased out and CO2 emissions must be reduced, the path 
towards renewable energy sources is clearly marked out 
However, due to their strong fluctuations, renewable sources 
can not be very readily integrated into existing energy infra- 
structures. Can hydrogen serve as an energy-storage medium 
and provide a breakthrough here? 

H ydrogen as an energy carrier was intensively discussed 
and investigated as early as the 1970’s, due to the two 
oil price crises then. However, it soon became apparent 
that the technology was not mature enough for widespread 
applications and that it would not be cost competitive. The 
last hydrogen projects were discontinued in the early 
1990’s. 

In the meantime, the situation has again changed. One 
aspect is the increasing proportion of fluctuating power 
generation from renewable energy sources such as wind 
and solar power. It is not sufficient, though, that merely the 
technological scenario for the use of hydrogen has changed; 
successful widespread application will also require a new 
socio-economic scenario. This chapter discusses both of 
these aspects. 

Properties of Hydrogen 

Hydrogen is the lightest element. Down to -253° C, it oc- 
curs in gaseous form as the H2 molecule, while at still low- 
er temperatures it is a liquid. The gas is completely non- 
toxic; this distinguishes it from e.g. gasoline, which is car- 
cinogenic, damaging to genetic material, and a danger for 
ground water. Hydrogen has a broad flammability range of 
4-75 volume percent in air; however it also has a very low 
density, so that it rises rapidly and is readily diluted. Hy- 
drogen-fueled vehicles can thus be constructed to be gen- 
erally safe and are certified for use in countries all over the 
world. They are already driving on the streets as licensed 
demonstration vehicles. 

In nature on earth, hydrogen is not found in free form 
in technologically relevant quantities, since it reacts quick- 
118 1 ly to give water in our oxygen-rich atmosphere. Most of the 



hydrogen is present in oxidi2ed form as water molecules. 
Furthermore, hydrogen plays an important role in the struc- 
tures of organic molecules. It is found in chemically bound 
form in many organic compounds, not least in chemical 
energy carriers such as natural gas or gasoline and diesel 
fuels. 

The Present-day Production of Hydrogen 

Hydrogen is required for many chemical processes on an in- 
dustrial scale and is produced to meet this demand; for ex- 
ample for the manufacture of fertilizers via ammonia, or to 
desulfurize and improve petroleum-based fuels by hydro- 
genation. This use of hydrogen as a chemical reagent is well 
established, including its manufacture, safe handling proce- 
dures, and cost factors. The main portion of this hydrogen 
is produced from natural gas via steam reforming. We give 
the reaction here using the example of the major con- 
stituent of natural gas, i.e. methane; heavier hydrocarbons 
react in an analogous manner. The chemical formula for the 
so-called steam reforming reaction is 

CH4 -H H2O CO -H 3 H2, 

where CH4 is methane, H2O the well-known formula of wa- 
ter, CO is carbon monoxide, and H2 is (molecular) hydro- 
gen. The reforming reaction requires energy in the form of 
heat, namely 206 kj (kilojoules) per mole, i.e. per I6 g of 
methane. The carbon monoxide contained in the reaction 
product gas is then removed by adding water vapor, initi- 
ating the so-called water shift reaction: 

CO -H H2O CO2 + H2, 

in which 42 kJ of heat energy per mole is released (CO2 is 
carbon dioxide). 

Steam reforming yields a gas with about 71-75 % hy- 
drogen, 1 1 - 18 % CO, 11-4% CO2, and a remaining methane 
content of 3-7 % [1] . This gas is further purified by the shift 
reaction down to ca. 1 % CO. Higher levels of purity can be 
obtained by pressure swing adsorption or membrane sep- 
aration processes to give 99. 999 % pure hydrogen. If espe- 
cially pure hydrogen is required, it can be prepared by the 
electrolysis of water; it can then either be used directly or 
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further purified via membranes. In electrolysis, the energy 
required to decompose water molecules into hydrogen and 
oxygen is provided as electrical power. Hydrogen from elec- 
trolysis is pure; however, it is more expensive. 

In the year 2002, worldwide 5*10^ million tons of hy- 
drogen as the pure substance and in hydrogen-containing 
gas mixtures were produced [2]. The major portion was 
used by refineries and for the synthesis of ammonia and 
methanol. Hydrogen production in 1991 was derived from 
natural gas (77 %) with a small proportion of oil; from coal 
(18 %); and from electrolysis (4 %) [3]. These fractions are 
still relevant today. 

Aside from its use as a chemical reagent, hydrogen also 
has great potential as a chemical energy carrier and thus as 
a storage medium for fluctuating energy technologies. It 
must in any case be produced artificially. It is therefore not 
a primary energy source, but rather a secondary source. 
The main role of such sources is to serve as storage media 
for energy. 

The New Scenario for Hydrogen 

With regard to energy technology, hydrogen has become rel- 
evant again today due to environmental problems. The ex- 
tensive combustion of fossil fuels such as coal, petroleum 
and natural gas is a large-scale intervention by mankind in- 
to the natural balance of the earth. The global warming pro- 
voked by the increasing concentration of CO2 in our at- 
mosphere will have threatening effects if a further rise in 
the average temperature cannot be kept within narrow lim- 
its. The EU has set an ambitious goal of 2° C above the 
preindustrial level for this rise [4] . Today, 0.8° of this EU goal 
has already occurred [4], so that many countries have es- 
tablished climate-protection programs. They support tech- 
nical alternatives to an energy supply which releases large 
quantities of CO2. The climate program of the German Eed- 
eral government stipulates a broad-based energy supply, de- 
pending primarily on renewable energy sources and in- 
cluding very ambitious CO2 reduction goals [4] . 

Hydrogen as an energy carrier plays a role today in two 
areas, owing to the increasing proportion of sustainable en- 
ergies in use and the more stringent requirements for en- 
ergy efficiency. It thus represents the bridge between sta- 
tionary electric power production and the transport sector: 

1 . Eor transportation, automobiles and buses can be pow- 
ered very efficiently and with no CO2 emissions using 
hydrogen and fuel cells; 

2. Many renewable energy sources, especially wind ener- 
gy, but also solar energy, whose technical and econom- 
ic feasibility are at present guaranteed, generate elec- 
tric power in a fluctuating mode and therefore require 
energy storage systems. This storage could be accom- 
plished by using part of the wind (and solar) power 
generated to produce hydrogen electrolytically, and then 
storing it. 

These two elements can be coupled in a rational way by us- 
ing so-called surplus power, e.g. wind power which is not 



needed by the power grid at the time when it is generated, 
for the production of hydrogen. This hydrogen can then 
substitute mineral fuels directly. 

Eor heavy machinery such as trucks, construction equip- 
ment, locomotives, ships and aircraft, liquid fuels cannot be 
readily substituted, and this will continue to be true in the 
foreseeable future. Eor these uses, the energy storage den- 
sity of hydrogen at the current and foreseeable state of the 
technology is insufficient in comparison to liquid fuels. Eor 
stationary applications also, gaseous hydrogen will not play 
a role in the foreseeable future; here, a mature infrastruc- 
ture for utilizing natural gas is already in place. 

Hydrogen could, however, be added at up to several per- 
cent to natural gas in the pipeline networks, as has been dis- 
cussed under the buzzword “wind hydrogen”. As an alter- 
native, methane production from hydrogen has been sug- 
gested, where hydrogen and carbon dioxide are reacted to 
give methane with an energy input (thermodynamically 
more precisely: an uptake of enthalpy) of 206 kj/mole: 

CO2 -H 4 H2 CH4 -H 2 H2O. 

The carbon dioxide could be provided by a future carbon 
capture and sequestration (CCS) scheme. This alternative in- 
deed makes use of an established infrastructure, but it is not 
energy efficient and requires the availability of concentrat- 
ed and purified CO2, e.g. through CO2 capture from ex- 
haust gases. 

Methane production is in addition economically ques- 
tionable, since pure electrolysis hydrogen used as a fuel 
would be in competition with it and would have at least the 
value of gasoline today, 65-70 €-ct. /liter of gasoline equiva- 
lent before taxes. Even twice this price would be justified 
and therefore probably acceptable to the market, since hy- 
drogen in fuel-cell powered vehicles is twice as energy-ef- 
ficient as gasoline burned in an internal-combustion engine. 
Thus, one could expect that a price of 1 .3-1 .4 € per liter of 
gasoline equivalent would be achievable for hydrogen (gaso- 
line has an energy content of 32 MJ/1; MJ = megajoules; 1 = 
liter). Hydrogen used for methane production and added to 
natural gas would be sold at the same price as the natural 
gas, i.e. around 1 €-ct./MJ or 32 €-ct./liter gasoline equiva- 
lent. Thus, the value of a pure electrolysis product would 
be reduced by half or even to only a quarter by a process 
technology which involves additional energy losses and 
added costs. 

Hydrogen in the Gas Tank 

As the lightest element, hydrogen has a high mass-specific 
energy storage density of 120 MJ/kg. This corresponds to 
about three times the storage density of diesel fuel, at 
43 MJ/kg, referred to the so-called lower heating value. How- 
ever, this physically favorable property of hydrogen cannot 
readily be applied in a technological setting. While an 
automobile tank for gasoline or diesel fuel weighs about 
10 kg, a pressurized gas system to store hydrogen for a cruis- 



119 




ing range of 500 km at today’s best technical level would 
weigh 125 kg (see also the diagram in the chapter on fuel 
cells, p. 140). The corresponding storage density of the tank 
plus fuel is only about 5 MJ/kg. 

Even though only about 4 % of the original physical en- 
ergy density of hydrogen remains, the comparison to stor- 
age batteries will later show that pressuri2ed hydrogen is 
still about an order of magnitude better than the mass-spe- 
cific energy storage density of batteries. This mass consid- 
eration is important, since vehicles must be continually ac- 
celerated and decelerated, so that additional mass leads to 
a higher fuel consumption. Electric vehicles, including fu- 
el-cell powered vehicles, are however able to recycle 1/3 to 
1/2 of their braking energy and store it in batteries on board 
(see the chapter on electric vehicles). 

As a gas, however, hydrogen has a much lower volume- 
specific storage density than the liquid hydrocarbons. Liq- 
uid hydrogen has a storage density of 8.5 MJ/1; as a pres- 
suri 2 ed gas at 700 bar, it has 5.1 MJ/1. If one takes into ac- 
count the necessary volume of auto fuel tanks of about 70 1 
for the much more elaborate storage of liquid hydrogen or 
of gas at 700 bar, both technologies would have roughly the 
same storage density of around 4 MJ/1. Compared to the 
volume energy density of diesel fuel of 36 MJ/1, this is only 
around 10 %; compared to ethanol or methanol, it is 20 or 
25 %. The comparison to liquid hydrocarbons and alcohols 
shows that the limiting factor is the volume needed for hy- 
drogen fuel storage. This volume consideration is also im- 
portant, since the enclosed space in the vehicle should be 
available as far as possible for payload use. 

In comparison to batteries, on the other hand, hydrogen 
exhibits very favorable storage densities. Assuming today’s 
best technology, lithium-ion batteries yield a storage densi- 
ty of about 1.3 MJ/1 or 0.5 MJ/kg. This value does not take 
into account that larger batteries also require a cooling cell 




Fig. 1 This hydrogen filling station is a demonstration project for the Clean Energy 
Partnership (www.cleanenergypartnership.de/en/news) (photo: CEP). 



and a cooling system, which lowers their effective energy 
density still further. Eor a fair comparison, the fuel cells 
would also have to be included in the density computation 
for hydrogen fuel. They weigh ca. 1-1.5 kg/kW of installed 
power output and thus, for current vehicle designs, about 
100-150 kg. Then a storage battery system for a present-day 
automobile is about five times heavier than a comparable 
hydrogen fuel cell system including the fuel tank. 

Eor the realistic operation of a vehicle, the efficiency of 
energy use of the fuel must also be considered. In order to 
obtain average values, a driving cycle is defined, i.e. a mix- 
ture of urban and long-distance driving under differing traf- 
fic conditions. Euels cells attain nearly twice the efficiency 
of internal combustion engines for the European driving 
cycle; currently, the value is 55 %, with expectations of 
reaching 60 %. This is due to the fundamentally high effi- 
ciency of fuel cells, especially at lower power output lev- 
els: In city traffic, vehicles in the main use only 10-20 % of 
their maximum power. This effect plays an essential role in 
the high efficiency of hydrogen fuel-cell powered vehicles 
in the driving cycle. 

Even though hydrogen cannot attain the high storage 
densities of liquid fuels, these figures demonstrate that it still 
offers a realistic substitute for mineral fuels. Hydrogen- 
based, fuel-cell powered vehicles with electric drive exhib- 
it the same flexibility in operation as conventional autos 
with internal-combustion engines. This includes their 
weight, the available inside space, and in particular also the 
ability to rapidly refill their tanks with hydrogen. Battery- 
powered vehicles, in contrast, require several hours to 
recharge, which makes it impossible to drive uninterrupt- 
edly over longer distances. This is one of the great advan- 
tages of the hydrogen fuel-cell technology as an environ- 
mentally-friendly mobile power source. Refilling the hy- 
drogen tanks takes only about five minutes. 

A safe and familiar procedure for refilling the tank is 
available. There are already a number of hydrogen filling sta- 
tions, not only in Germany (Eigure 1), but also around the 
world. Likewise, the basic choice of fuel has been decided: 
The filling stations are to offer pure hydrogen gas. In their 
vehicle designs, nearly all the manufacturers are planning 
on gaseous hydrogen at a pressure of 700 bar, or in some 
cases at 350 bar. Important manufacturers worldwide are 
Diamler AG, General Motors including Opel, Honda, the 
Hyundai-Kia Group, and the Nissan-Renault Alliance, as 
well as Toyota [5]. These vehicles are already at a mature 
stage of development and are expected to come on the 
market in 2015. Until then, essential development goals are 
price reductions for the fuel-cell systems and improvement 
of their operating lifetimes (see the chapter on fuel cells). 

The Hydrogen Infrastructure: A Roadblock? 

The question arises as to whether setting up a whole new 
infrastructure for using hydrogen as a motor fuel does not 
represent a serious obstacle to its widespread use. The an- 
swer is given by a study which was commissioned by the 
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German Federal government to evaluate the marketability 
of fuel-cell powered vehicles, and thus paid particular at- 
tention to the infrastructure required [6]. A principal as- 
sumption of this study was that the infrastructure should be 
set up in several regions of high population density, where 
a sufficient number of vehicles could be concentrated. The 
hydrogen supply is to be provided using tank trucks for liq- 
uid hydrogen or by connecting the filling stations to the ex- 
isting industrial pipeline network; pipelines transport 
gaseous hydrogen. As an accompanying development, the 
pipeline network in the chosen regions would be extend- 
ed, and these local networks would be interconnected in 
the long term. The study estimated the overall cost, in- 
cluding the filling stations, to be around 120 billion €. 

Figure 2 shows the layout of such a pipeline network 
based on this study. It corresponds to the so-called moder- 
ate scenario [6] and defines central feed-in points (filled cir- 
cles on the map). The points on the North Sea and Baltic 
coasts are feed-in stations for electrolysis hydrogen from 
offshore windparks. The inland points are stations for feed- 
in of hydrogen produced from soft coal with CO 2 capture, 
using coal from the fields in the Rhineland and the Lausitz 
regions. 

In this design, nearly all of the 10,000 filling stations in 
Germany are connected to the pipelines. The hydrogen 
pipelines would be built along existing natural gas pipeline 
routes. 12,000 km of main pipelines and 36,000 km of re- 
gional distribution lines would be required, at a cost of 
22-25 billion €. For comparison, the high-speed train con- 
nection between Nuremberg and Munich will cost 3.6 bil- 
lion €. A hydrogen pipeline network is thus not a major 
cost problem. 

In order to lay out all together 48,000 km of pipelines 
within Germany, there will however have to be a great deal 
of effort expended to convince the public. This will require 
a persuasive and complete demonstration of the technolo- 
gy, making its advantages clear. This demonstration will be 
mainly based on liquid hydrogen, which is vaporized at the 
filling stations and compressed to the desired pressure be- 
fore filling into the vehicle tanks. The liquid hydrogen will 
initially be delivered by tank trucks, just like conventional 
fuels. The liquefaction of the hydrogen to be sure exacts its 
price in energy and cost, corresponding to about 30 % of 
the energy content. The use of liquefied hydrogen is there- 
fore inferior to pressurized gas, which can be distributed via 
pipelines; the latter involves an efficiency loss of only 
10-15 %. But for the introduction of hydrogen onto the 
market, liquefaction is indispensable, just as it is for the long- 
term supply to distant sites where the construction of a 
pipeline would not be economically feasible. 

And Where will the Hydrogen Come From? 

Hydrogen can be produced from a variety of sources. The 
environmental-political requirement that it be produced 
from renewable sources limits the choice, and eliminates 
the current industrial production methods. Possible re- 
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newable energy sources for hydrogen production are wind 
power and photovoltaics; they would provide power for 
the production of hydrogen by electrolysis. Both of these 
energy sources fluctuate strongly: At certain times, they 
generate surplus power, while at other times, they cannot 
cover the power needs, even though their average overall 
power output would be sufficient for the total require- 
ments. At present, photovoltaics deliver around 1 % (Vgl. 
Kohl: 3 % in 201 1) of the electric power used in Germany, 
and wind power delivers about 9 % (Vgl. Kohl: 7,5 % in 
2011). At the current state of development, wind power 
has a much greater potential of being able to supply an 
appreciable portion of the overall electric power con- 
sumption from a renewable source. 

Power generation from wind energy coupled with hy- 
drogen production via electrolysis has a strong potential. On 
the average, the power output of German wind-power 
plants is today about 1.2 MW, while the largest plants gen- 
erate 7.5 MW of installed power [7]. If one considers the 
complete replacement of all the smaller plants by 7.5 MW 
plants (repowering) and the planned construction of off- 
shore windparks with a total output of 35 GW, even with- 
out power generation using nuclear energy and anthracite 
and lignite coal, there would be an energy surplus of about 
18 % or 91 terawatt-hours (TWh) per year. In this compu- 
tation, we have left the current power generation capacity 
from natural gas unchanged. In order to compensate for 
the strong fluctuations in wind power, it was also assumed 
that households would require up to 50 % less natural gas 
in the future, since the houses will have improved insula- 
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FIG. 3 I FUTURE ELECTRIC-POWER GENERATION 




tion. The proportion of energy used from natural-gas com- 
bustion would then be 14 % of current electric power con- 
sumption and 13 % of the current household space heating 
(Figure 3). We have assumed an efficiency of 58 % for elec- 
tric power generation using natural gas. 

Naturally, these large wind-power plants could not be set 
up with the same density and on the same sites as the cur- 
rent smaller plants. This estimate nonetheless shows that 
Germany could relatively easily supply all of its electric 
power needs using wind power. The problem with renew- 
able energy sources lies, as mentioned, in their fluctuations. 
The gaps in wind power could be filled by natural-gas fu- 
eled plants: Both gas turbines and modern combined-cycle 
gas and steam plants have excellent dynamics and are suit- 
able for meeting peak-load requirements. 

The surplus energy from times of maximum wind pow- 
er generation could, as we have discussed, then be stored 
in the form of hydrogen. Similarly to natural gas at present, 
it could be stored in technical or geological storage tanks 
in caverns or salt domes or in porous rock formations. Lat- 
er, the stored hydrogen could be converted back into elec- 
tric power using either gas power plants or fuel cells; this 
would however reduce overall CO2 emission less than its 
use as a motor fuel. It is thus preferable to employ hydro- 
gen in the transportation sector. Used as a motor fuel, hy- 
drogen guarantees that no CO2 will be emitted by the ve- 
hicle. Neither mineral fuels nor biofuels, including alcohols, 
can achieve this. 

Let us assume, quite realistically, that a fuel-cell pow- 
ered vehicle uses 1 kg of hydrogen per 100 km, corre- 
sponding to a diesel consumption of 3 1 per 100 km. The 
hydrogen is presumed to have been produced by electrol- 
ysis with 70 % efficiency. Then, using the surplus wind pow- 
er estimated above, I6 million vehicles with the current 
German average range of 12,000 km (Vgl. Vez2ini, S. 2: fast 
33.000 km/a Germany (90 km/d); ca. 1 1.000 km/a Schweiz 



(30 km/d)) per year could be operated with this surplus 
power. This corresponds to 38 % of all German vehicles in 
the year 2010. Hydrogen could thus make a significant con- 
tribution to establishing an environmentally-friendly trans- 
portation system on the basis of sustainable energies. 

Summary 

The fight against climate change demands increasingly CO2- 
free electric power generation. Most of the renewable energy 
sources which can provide this are however subject to strong 
fluctuations in their power production. It is thus reasonable 
to carry out electrolysis during periods of surplus power gen- 
eration and to store the hydrogen produced. Vehicles pow- 
ered by fuel cells can make use of this hydrogen with a high 
efficiency. This will permit operating a significant portion of 
the vehicles without CO2 emissions and will make a sensible 
and economically favorable use of the surplus power from re- 
newable sources. This example shows that in using renew- 
able energy sources, the energy sectors will redefine them- 
selves or will fuse. In the concept introduced here, natural gas 
that was up to now consumed for space heating will be used 
to provide controlling power for the grid, while wind power 
will be used indirectly via hydrogen in the transport sector. 
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Seasonal Storage of Thermal Energy 

Heat on Call 

BY SiLKE Kohler | Frank Kabus | Ernst Huenges 



In energy-supply systems with combined heat 
and power (CHP) generation, or also in con- 
nection with sustainable energy sources, 
especially solar energy, the question often 
arises as to how to store the thermal energy. 
This can involve short storage times such as 
hours or days, but it continues on up to an- 
nual (seasonal) heat storage. 

S olar radiation and wind are - as everyone knows - not 
available around the clock; instead, they occur at variable 
times and with a limited predictability. Only through the use 
of energy storage systems can these renewable energy 
sources be made reliable and readily available for energy 
provision. Electrical energy can, for example, be converted 
into chemical energy - the bu2zword here is the hydrogen 
economy (see the previous chapter) - and thus stored. In 
the case of thermal energy, in contrast, the seasonal varia- 
tions make it attractive to save up the excess heat from the 
summer for use in winter, or conversely, to use the cold of 
winter for cooling in the following summer. 

The same is true of installations for combined heat and 
power production (CHP). They make use of most of the 
thermal energy for both heating and electric power gener- 
ation. In this way, rather high efficiencies can be achieved 
using CHP. The deployment of such installations has to be 
oriented towards the end-user energy requirements, i.e. 
electric power or heat. Accordingly, one refers to heat-di- 
rected operation (the determining parameter is the re- 
quirement for heat) or power-directed operation (deter- 
mining parameter is the requirement for electric power) of 
the CHP installation. 

Most installations are operated in the heat-directed 
mode, since the electric power not needed by the local 
user can always be fed into the power grid, which acts as 
a large storage system. Since, however, the price of electri- 
cal energy is much higher than that of heat energy, it would 
often be preferable from the economic standpoint to op- 
erate the installation in power-directed mode. The operator 
could then compensate expensive peak loads by producing 
more electric power, for example. If the heat produced at 
the same time is not needed by local users, it has to be re- 



leased as waste heat to the environment, or, preferably, 
stored. This excess heat can then be stored in a seasonal 
storage system. Storage of excess thermal energy is thus in 
the end a precondition for the energetically and economi- 
cally expedient power-directed operation of CHP installa- 
tions. 

The Thermodynamics of Energy Storage 

Such a storage system consists essentially of four function- 
al units: the storage medium, the charging and discharging 
systems including the heat-transport medium, the storage 
container structure, and auxiliary systems. 

In order to classify systematically the types of storage, 
the well-known distinction between open and closed sys- 
tems, defined in thermodynamics, is useful here. In open sys- 
tems, energy and matter can be transported across the sys- 
tem boundary. In closed, non-adiabatic systems, only ener- 
gy and not matter can be transported. 

The corresponding artificial or geological structures are 
popularly referred to as heat or cold reservoirs. This is prob- 
lematic, since heat is only a transport quantity, which can 
pass across a system boundary, and in this sense it cannot 
be stored. Like work, it is a process quantity and is there- 
fore dependent on the path of a process. The heat trans- 
ported across the boundary of the storage system changes 
the internal energy of the storage medium, which in most 
cases is reflected in a change of the temperature of the 
medium. It would thus be more physically correct to speak 
of the storage of thermal energy. 

Whether a storage system serves as a source of heating 
or of cooling in an energy-supply installation is in the first 
instance unimportant for the construction of the system. 
Thus, some thermal storage systems are used in alternate 
modes, and supply cooling in summer and heating in win- 
ter. To be consistent, we will refer in the following to charg- 
ing of the storage system when heat is fed into it, and to dis- 
charging when heat is extracted from the storage system. 
Since these terms have become common, we will continue 
to refer to heat reservoirs (when the system is mainly used 
as a source of heat) and cooling reservoirs (when it main- 
ly serves as a source of cooling or as a heat sink). 

Considering the energy balance with the surroundings 
of a heat reservoir, its interactions with these surroundings 
and its losses can be specified. The system boundary con- 
tains the storage medium, the charging and discharging sys- 
tem, and the heat transport medium. The sum of the heat 
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Charging and discharging of an aquifer storage system (source: CTN). 



input and output and the heat losses equals the change in 
the internal energy of the storage system. The quantity of 
heat input or output is equal to the temperature change of 
the storage medium multiplied by its heat capacity, i.e. the 
product of its volume, density and specific heat. 

Owing to the temperature change of the storage medi- 
um, there is a temperature difference relative to its sur- 
roundings. This temperature difference leads to storage loss- 
es. A closed storage system for example loses thermal en- 
ergy via heat conductivity across the container walls. In an 
open storage system, heat can also be transported across the 
boundary of the system together with a mass flow. 

Along with such external storage losses through inter- 
1 24 I actions with the surroundings, internal storage losses must 



also be considered. These occur as a result of equilibration 
processes within the storage system, such as a flow be- 
tween the layers in a stratified hot-water reservoir. These 
losses can be included in the exergy balance around the 
reservoir. The exergy is that portion of the energy which 
can be unrestrictedly converted into any other form of en- 
ergy. The change in the exergy in a storage system is the 
sum of the exergies input into the system and output by the 
system across its boundary (charging and discharging plus 
exergy losses accompanying heat losses), in addition to a 
conversion term. The latter takes into account the annihi- 
lation of exergy, which for example occurs on mixing with- 
in stratified hot-water storage systems by convection, or 
through thermal conductivity. 

A goal in the construction of storage systems is of course 
to reduce the losses as far as possible, i.e. to improve the 
storage efficiency. It will be seen, however, that in design- 
ing different types of seasonal storage systems, such as 
aquifer and hot-water reservoirs, quite different concepts 
are required. 

Aquifers as Seasonal Storage Systems 

The technology of aquifers as energy storage systems is in 
many respects closely related to hydrothermal-geothermal 
energy. The storage medium is the natural substratum, i.e. 
the rock layers and the deep water they contain; the latter 
also serves as heat-transport medium. Aquifer storage sys- 
tems are as a rule accessed via two boreholes or groups of 
boreholes. These are placed at a certain distance from each 
other, in order to avoid mutual thermal influences. The sys- 
tems are open below ground and closed above ground. 
Above ground is a heat exchange apparatus, so that only en- 
ergy transport - and no matter transport - occurs. 

Both boreholes are fitted out with pumps and injection 
piping, which allows the flow of the heat-transport medi- 
um in the above-ground part of the plant to pass through 
in either direction. For charging, that is for storing thermal 
energy in the reservoir, water is taken from the cooler bore- 
holes, warmed by the above-ground apparatus, and inject- 
ed into the warm borehole. For discharging, the direction 
of flow is reversed: The pump in the warm borehole ex- 
tracts water up to ground level, where it can give up heat 
to the heat exchanger system. The heat transferred is pro- 
portional to the mass flow rate of the thermal water in each 
case. 

Charging and discharging of the aquifer storage system 
takes place horizontally (Figure 1). Around the warm bore- 
hole, a heated volume of water forms, which is pumped out 
again on discharging. Since the thermal water serves both 
as heat-transport medium and as storage medium, the tem- 
perature present in the reservoir is also available above 
ground, as long as the thermal losses within the borehole 
can be neglected. The discharging temperature will, how- 
ever, always be lower than the charging temperature, since 
the warm water volume cools at its outer surface. This heat 
transport to the cooler surroundings takes place through 
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heat conduction and natural convection, as the warm wa- 
ter mixes with the cooler water from the surroundings, and 
through groundwater flows. 

From this, we can derive the initial requirements for 
aquifers which are to be used for seasonal energy storage: 

• The geological formation should be closed above and 
below, and the natural flow rate of the ground water as 
low as possible (preferably 2 ero), to prevent the warmed 
or cooled water from flowing away 

• The temperature below ground increases as a rule with 
increasing depth. Heat storage reservoirs will thus be 
more readily found in deep strata than cooling reser- 
voirs, since then the natural temperature of the aquifer 
lies nearer to the desired mean storage temperature, 
and storage losses are reduced. The requirement that 
the natural aquifer temperature be in the range of the 
mean storage temperature cannot always be fulfilled in 
an economically feasible way, in particular for high-tem- 
perature storage. A rough calculation shows: In order to 
obtain a temperature of 70 °C below ground, given an 
average temperature increase with depth of 30 K per 
kilometer, and 10 °C external temperature, boreholes of 
two kilometers depth would be required. 

• To keep the required pumping power low, which is de- 
sirable, a high water throughput in the hori2ontal di- 
rection within the rock layers is desirable. 

The maximum storage temperature and the storage volume, 
which determine the total storage capacity, are given by the 
natural properties of the aquifer. An advantage of aquifer 
storage is its relatively low investment cost. It is about 
25 €/m^ (including planning, excluding taxes, for storage 
volumes of more than 100,000 m^) [1]. 




Fig. 2 An aquifer reservoir for heating and cooiing 

(source: GTN, BBC). 




Charging and discharging temperatures of the thermai 
storage medium. Red and dark biue iines: measurements; 
iight biue: modei caicuiations. 



Aquifer Reservoirs for Energy Management - 
Reichstag and Neubrandenburg 

In the construction and the energy management of the new 
government buildings along the River Spree in Berlin, future- 
oriented, environmentally responsible and exemplary en- 
ergy concepts were required [2]. The energy-supply sys- 
tem of the Berlin parliament buildings therefore contains, 
along with components for combined heat-cooling-power 
production, two aquifer storage reservoirs (Figure 2). The 
heat storage reservoir increases the contribution of the com- 
bined heat and power plant to the overall energy supply, 
even when the system is power-directed. The cooling reser- 
voir permits the use of the low winter temperatures for air 
conditioning in the summer months. 

The storage region is a sandstone stratum at a depth of 
285 to 315 m which contains salty water (brine). Two bore- 
holes access this aquifer. It is charged as a rule with water 
at a maximum of 70° C, and discharged at 65-30° C. In op- 
eration, a volume flow rate of up to 100 m^/h can be ex- 
tracted or injected. The maximum charging power is about 
4.4 MW. Heat from the discharge supplies the low-temper- 
ature sectors of the various building heating systems via di- 
rect heat exchange. Additional cooling of the water (down 
to a minimum of 20° C) can be carried out using absorp- 
tion heat pumps as needed; their installed cooling power 
is ca. 2 MW. 

This project is unique and has been accompanied by ex- 
tensive scientific monitoring. Among other things, numeri- 
cal models of the substrata have been constructed within 
the framework of research projects; they allow the tem- 
perature evolution in the storage media to be predicted [3, 
4]. Figure 3 shows as an example the temperature at the 
wellhead of the warm borehole during the time period from 
June 2003 to December 2005. This period includes almost 
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three charging and discharging cycles. The decreasing out- 
put temperature during discharging is characteristic of 
aquifer storage. It results from the losses described above, 
due to thermal conduction and convection at the perime- 
ter of the warm storage volume. 

At a considerably shallower depth of 50 m, under the 
bend of the Spree, another aquifer storage system was de- 
veloped. It is used mainly for cooling of the buildings. In 
operation, fresh ground water is cooled in winter to 5° C. 
This is carried out essentially at outside temperatures below 
0° C in dry cooling towers by heat exchange with the sur- 
roundings [1]. In the summer, this cooling reservoir sup- 
ports the air conditioning systems via direct heat exchange. 

In Neubrandenburg, a city in the German state of Meck- 
lenburg-Vorpommern, a major portion of the buildings are 
connected to a central 200-MW district heating network. Its 
base load is carried by a combined-cycle gas and steam tur- 
bine power plant with 77 MW of electric output power 
and 90 MW thermal power. Since heat supplies in Neubran- 
denburg in the summer are essentially used only for pro- 
viding warm water, the thermal power consumption is rel- 
atively low. As a rule, it is considerably less than the heat 
which is produced even when electric power is being gen- 
erated at minimum load. The difference of up to 20 MW was 
in the past simply released to the environment through a 
cooling tower. Today, part of this ‘waste heat’ is fed into an 
aquifer storage system and used for heating in the winter 
in a portion of the district heating network which operates 
at a relatively low temperature level. The thermal power in 
this network is 12 MW at 80° C input temperature and 45° C 
return temperature. 

The aquifer storage system consists of a cool and a warm 
borehole spaced ca. 1300 m apart. Both boreholes tap the 
operating stratum at a depth of about 1200 m, and they can 
extract or inject 100 m^/h of thermal water. The natural 
temperature of the stratum at this depth is about 55° C 
[10]. 

In summer, cooler water is pumped out at 40 to 50° C 
and is stored underground at a temperature of 80° C. In win- 
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Excess heat and its use on the 5^^ and 6^^ of November 2005 in 
the Neubrandenburg aquifer reservoir. 



FIG. 5 I GEOTHERMAL PROBES 




Cross sections of typical geothermal downhole heat 
exchangers [9], 



ter, the flow direction is reversed; water is now extracted 
from the warm borehole. The output temperatures are be- 
tween 80° C and 65° C, depending on the time until the wa- 
ter is extracted. 

According to plan, it is expected that in the months 
April to September, a quantity of thermal energy equivalent 
to 12,000 MWh can be stored in the reservoir. In the win- 
ter, 8,800 MWh of this can be recovered through direct heat 
exchange at a thermal power of 4.0 to 2.9 MW. 

The Neubrandenburg aquifer storage system has now 
been operating for four regular annual cycles. Figure 4 
shows as an example the operating range of the reservoir 
during charging. 

storage in a Field of Downhole Heat 
Exchangers 

For the storage of thermal energy in a field with downhole 
heat exchangers (DHE), the underground strata also serve 
as the storage medium. Here, the reservoir is tapped by a 
number of boreholes of 20 to 100 m depth, usually sym- 
metrically arrayed, and these are outfitted with probes. 

A geothermal field with DHE is an underground closed 
system in which there is no hydrological connection be- 
tween the storage medium (earth) and the heat transport 
medium. The heat transport for charging and discharging 
takes place through the walls of the probes. The charging 
and discharging thermal power is thus proportional to the 
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surface area of the probes and to the temperature difference 
between the thermal transport medium and the storage 
medium. The cross-sectional area of the probes is therefore 
dimensioned in such a way that the probe surface area is 
as great as possible. 

Figure 5 shows four types of probes in cross section. 
The U- and double U-tube probes consist of two or four 
tubes, respectively, which are connected together at the 
bottom of the borehole. In coaxial probes, the medium 
flows downwards in the outer space and upwards in the in- 
ner tube. A water-glycol (antifree 2 e) mixture is used as heat- 
transport medium, so that the liquid does not solidify at 
low temperatures. 

Owing to the temperature difference between the heat- 
transport medium and the storage material, which is re- 
quired for heat transfer, the temperature in the storage reser- 
voir is always higher (when heat is being extracted from the 
reservoir) or lower (during charging) than the temperature 
of the heat-transport medium. These losses appear in the 
storage balance as exergy annihilation. The heat-transport 
medium in a DHE field storage system has a smaller tem- 
perature range in comparison to that in an aquifer storage 
system. Therefore, in energy-management systems with 
DHE field storage, heat pumps which raise the heat to a us- 
able temperature level are usually employed. 

The heat-transport medium flows through the heat-ex- 
changer tubes and, during winter operation, takes on heat 
from the surrounding earth. In summer operation, it gives 
up heat to the earth and thus recharges the storage reser- 
voir. In contrast to aquifer storage systems, the heat-trans- 
port medium always flows through the DHE in the same di- 
rection. The workable temperature variations and the stor- 
age capacity of the borehole field are dependent on the 
composition of the subsurface earth and on the heat-trans- 
fer properties of the tubes and their thermal contact with 
the earth. The reservoir cannot be isolated from its sur- 



roundings below ground. In order that the stored thermal 
energy not be lost, such reservoirs are usually located at sites 
where the ground water has only a very low - or zero - flow 
velocity. 

Example: The Max-Planck Campus in Golm 

In Golm, near Potsdam, in 1999 the Max Planck Society 
founded a new science campus, comprising three institutes. 
The energy management system is based on a combined 
heating-cooling-power system, making use of a geothermal 
borehole field for storage (Figure 6). This concept includes 
a cogeneration plant driven by an internal-combustion en- 
gine; the excess heat is used for space heating and warm 
water. 

The DHE field contributes to cooling in the summer 
months, and in the process it stores heat energy. In the win- 
ter, it serves as thermal reservoir for a heat pump to supply 
heat energy to the buildings, and is thereby cooled, causing 
the temperature in the borehole field to sink below that of 
the surrounding earth. The field consists of 160 boreholes, 
each with a depth of 105 m, and it occupies an area of 65 m 
X 50 m, with an earth volume of about 400,000 m^. Its 
overall storage capacity is 2.24 MWh, and the input/output 
power is nominally 538 kW. 

The temperature is measured year-round at four of the 
boreholes. Three of these are within the field, while the 
fourth gives values from the undisturbed region outside the 
field for comparison. Each borehole contains four temper- 
ature probes at depths of 15 m, 40 m, 70 m, and 100 m, re- 
spectively. The measured temperatures during the time pe- 
riod from September 2001 to September 2002 in one of the 
boreholes within the field are shown in Figure 7. Normal- 
ly, the natural temperature increases with increasing depth. 
During charging, the warm heat-transport medium flows 
downwards and gives up its heat to the storage medium; 
thus, the temperature gradient in the upper part of the bore- 




Fig. 6 DHE field beneath the Max-Planck Campus in Calm (source: H. Jung). 



FIG. 7 I THE BOREHOLE FIELD IN GOLM 




Measured temperatures from September 2001 to September 
2002 within the bore-hole field of the Max-Planck Campus at 
a depth of 15 m, 40 m, 70 m and 100 m. 
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A HOT-WATER STORAGE SYSTEM 
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Schematic of the hot-water reservoir in Friedrichshafen, Germany 

(graphics: ilek, Univ. Stuttgart), 



hole may be reversed after charging. In the lower part, it 
maintains its original sense at all times. 

Hot-Water Storage 

Hot-water storage systems are the most widespread type of 
reservoirs for thermal energy. They are used for example in 
solar-thermal plants for short-term intermediate storage. 
The reservoir is filled with hot water which is heated (charg- 
ing) or cooled (discharging) by a heat exchanger system. 
The storage medium remains within the system in normal 
operation; only heat is transferred across the system bound- 
ary. These reservoirs thus represent closed, non-adiabatic 
systems with respect to their surroundings. 

However, hot-water storage systems are operated not 
only with pure water. Aqueous solutions such as brines can 
be used, and even additional storage media like gravel can 
be employed. This generali 2 ation allows a better systemat- 
ic use of the typical structural forms, tanks and basins. A 
common characteristic is that they are always artificially 
constructed. 

Hot-water storage systems in the form of tanks are to be 
found in all sizes in energy supply installations, from short- 
term daily storage up to seasonal storage systems. For the 
latter, usually large cylindrical containers are employed, 
which can either be buried underground or set up above 
ground. Storage reservoirs at ground level or above must be 
able to withstand the environmental conditions of their sur- 
roundings and be adapted to them. Their walls are usually 
fabricated of reinforced concrete and are thermally insu- 
lated from their surroundings. Thermal losses occur only 
through heat conduction to the surroundings. 

Water serves as the heat-transport and the storage medi- 
um. Due to this identity, the storage temperature of the en- 
ergy system is available at its output as the usable operat- 
ing temperature, as in aquifer storage systems. Within the 
reservoir, the temperature decreases from above to below. 
On discharging, the water with the highest temperature at 
the uppermost point of the reservoir is extracted, cooled in 
1 28 I the energy-transfer system, and then returned to the low- 



est, coolest region in the reservoir. This temperature strati- 
fication, which normally will already appear as a result of 
density differences, will be affected by thermal conduction 
and convection. While thermal conduction within the reser- 
voir cannot be avoided, convection can be held to a mini- 
mum. Thus, for example, mechanisms for storing the ther- 
mal energy within the layer of the same temperature can 
be useful. This is especially interesting for solar heat, which 
can be stored at varying temperatures. 

Since the storage reservoirs are usually operated at am- 
bient pressure, the maximum storage temperature lies be- 
low 100 °C. In contrast to aquifer storage systems, they 
have a clear and well-defined storage capacity. The invest- 
ment costs of these storage systems are estimated to be in 
the range of 450-120 €/m^ (depending on the overall vol- 
ume) for concrete reservoirs, and 3000-600 €/m^ (for 
0.2-100 m^ volume), or below 100 €/m^ (at volumes larg- 
er than 10,000 m^) for steel reservoirs [1]. 

Solar-Assisted Local Networks 

The German Federal ministries for Commerce and Tech- 
nology and for the Environment, Nature Protection and Nu- 
clear Safety have subsidized the construction of pilot and 
demonstration plants for local solar heating networks with- 
in the framework of the program ‘SolarThermal2000’ [5-7] . 
In three of the subsidized pilot plants, in Friedrichshafen, 
Hamburg, and Hannover, seasonal hot-water reservoirs are 
integrated into the energy supply system as tank structures. 
In these solar-assisted local heating networks, use is made 
of the stored energy to preheat the return flow in the local 
heating network. If the heat output power or the tempera- 
ture from the storage reservoir is not sufficient, heat from 
fossil fuels (gas, oil) or from district heating networks is 
used to reach the desired temperature. 

The largest of these hot-water storage reservoirs is in 
Friedrichshafen, Germany. It has a height of 20 m and an in- 
ner diameter of 32 m, and thus provides a storage volume 
of 12,000 m^. In the final construction stage, this local heat- 
ing network will supply heat to 570 dwellings with a heat- 
ed floor area of nearly 40,000 m^ (Figure 8). 

The experience with the pilot projects for solar-assist- 
ed local heating with long-term energy storage has thus far 
yielded a fraction of solar heat in the overall energy con- 
sumption of 30 to 35 %. With additional improvements to 
the systems technology, solar fractions of 50 to 60 % are ex- 
pected [8]. 

Gravel-Water Storage Systems 

Gravel-water storage reservoirs are likewise artificial struc- 
tures. In them, a mixture of gravel and water serves as stor- 
age medium, with a gravel concentration of 60-70 vol. %. 
This mixture is placed into a cavity in the ground which has 
been lined with a watertight plastic sheet. The maximum 
storage temperature is limited by the temperature stability 
of the plastic, and is typically in the range of 80° C. Due to 
the lower specific heat of the gravel, a gravel -water storage 
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reservoir requires about 50 % more volume than a pure wa- 
ter storage reservoir for the same storage capacity. 

Charging and discharging can be accomplished either 
by direct water flow through the reservoir or by heat ex- 
change using coiled tubes. The heat-transport medium is 
thus either the water within the reservoir, or a second medi- 
um such as brine or an antifreeze mixture. In gravel-water 
storage systems, vertical temperature stratification is like- 
wise observed, and it can be enhanced by the charging and 
discharging processes. 

The gravel within the reservoir has two advantages: It 
supports part of the static load on the container, and thus 
makes its construction lighter and simpler. In addition, it re- 
duces the free convection of the fluid within the reservoir 
and thereby the internal losses. The external losses are lim- 
ited by thermal insulation applied outside the watertight 
sheet. In the local heating networks in Steinfurth and Chem- 
nitz, which were also subsidized by the program mentioned 
above, gravel -water storage systems were utilized. 

Summary 

Energy from renewab\e sources is often not continuously 
available. The storage of thermal energy is therefore of great 
importance. Which type of storage technology is chosen for 
a particular application depends on various conditions. Sea- 
sonal storage can be applied successfully using structures 
such as hot-water storage in tanks and in gravel -water reser- 
voirs. For some time, underground storage has also been prac- 
ticed, using borehole fields or aguifers as storage media. The 
natural substratum is a complex storage medium, which re- 
guires a considerable effort for successful operation. Howev- 
er, such storage media can be developed with a considerably 
lower specific investment cost than hot-water storage sys- 
tems. 
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Fuel Cells for Mobile and Stationary Applications 

Taming the Flame 

BY Joachim Hoffmann 



Fuel cells permit clean and resource-efficient energy conver- 
sion. Nevertheless, this technology has developed only very 
slowly since its introduction in the year 1838 by the German 
chemist Christian Friedrich Schonbein. The much-publicized 
interest shown by the automobile industry has awakened fuel 
cells from their long sleep. 



T he German chemist Christian Friedrich Schonbein dis- 
covered the basics of fuel cells as early as 1838. Since 
then, this technology has developed only very slowly, al- 
though Jules Verne recognized over a hundred years ago 
that, “Water is the coal of the future. The energy of tomor- 
row is water which has been decomposed by electrical cur- 
rent. The elements resulting from this decomposition, hy- 
drogen and oxygen, will secure the energy supply of the 
earth in the foreseeable future” [1]. 

Nevertheless, it was only the much publicized interest 
of the automobile industry which awakened the fuel cell 



THE STORAGE CAPACITY OF VARIOUS ENERGY STORAGE DEVICES 




Comparison of the masses and volumes of various fuels, in each case for a cruising 
range of 500 km. The transparent figures represent the weight (above) and the 
volume (below) of the complete energy-storage system. Caseous hydrogen 
(center) is under 700 bar pressure; the data are for electric-drive vehicles using 
fuel cells. The 6 kg of H 2 required contain 200 kWh of energy and thus twice as 
much as the lithium-ion batteries (right). The efficiency of the batteries for 
charging and discharging is considerably higher than the energy conversion in 
the fuel ceils (see also the following chapter on electricvehicles) - but at the price 
of a much greater weight (graphics: Adam Opel AG) [7]. 



from its long sleep. Several well-known automobile manu- 
facturers have demonstrated the technical feasibility of fu- 
el-cell powered vehicles in the past decade. The driving 
forces behind this return to the fuel cell are in particular 
the growing scarcity of fossil energy resources and the in- 
creasing concentration of carbon dioxide in our atmos- 
phere. Fuel cells consume less fuel per kilowatt hour or 
kilometer driven, owing to their high electrical efficiencies, 
and they emit correspondingly less carbon dioxide. Other 
environmentally harmful substances such as nitrogen oxides 
and soot particles can also be reduced or entirely avoided 
by the use of fuel cells. 

If fuel cells are operated using pure hydrogen as fuel, 
the only “waste product” they release into the environment 
is water. Since hydrogen is however not available every- 
where, and its storage is not simple (see the chapter “Hy- 
drogen - an Alternative to Fossil Fuels?”), attempts are un- 
derway to adapt the fuel cells to operate with more readi- 
ly handled fuels such as methanol, ethanol, gasoline or 
natural gas. 

The operating principles and properties of various types 
of fuel cells are described separately in the infoboxes “How 
do Fuel Cells Work?” on p. 143 and “ Types of Fuel Cells” on 
p. 145 [2-4]. 

Applications of Fuel Cells 

Fuel cells have proven their reliability for decades in space 
applications, which provided the stimulus for their contin- 
uing technical development. They became sadly notorious 
during the flight of Apollo 1 3, when a leak in an oxygen tank 
not only endangered the supply of breathing air for the 
crew, but also shut down the electrical system [4] . Anoth- 
er field of application, which is now well established, is as 
power sources for submarines. Both applications are based 
on very stringent requirements on the reliability of the fu- 
el cell systems. They are thus niches which have a negligi- 
ble effect on the overall energy economy, in comparison to 
the widespread applications of fuel cells for stationary, mo- 
bile, and portable power which are currently being planned. 

For stationary operation in power plants, fuel cells with 
power outputs in the range of 1 kW up to 10 MW are con- 
ceivable. They thus could provide decentral electric pow- 
er for users ranging from single-family dwellings up to in- 
dustrial plants. For these applications, most developers en- 
visage the use of the so-called high-temperature systems: 
SOFC (Solid Oxide Fuel Cell) or MCFC (Molten Carbonate 
Fuel Cell). For installations in the range of 10 MW, in which 
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sufficient surplus heat at high temperatures is available for 
use in a subsequent gas and steam turbine combination 
(combined cycle, CC), electrical system efficiencies of over 
85 % are conceivable. Processes that make use of the 
“waste” heat are for example steam generation or other cy- 
cles such as the Organic Rankine Cycle (see the chapter “En- 
ergy from the Depths”), a so-called decompression turbine, 
or also heating-cooling conversion machines (heat pumps). 

An increase in the working pressure leads to a higher 
operating voltage for fuel cells. This effect is utilized in pres- 
surized SOFC installations. In addition, the pressurized ex- 
haust gases can drive a decompression turbine on expand- 
ing, allowing additional electrical power to be generated. 
Such hybrid systems of SOFC cells and turbines lead to over- 
all thermal efficiencies of ca. 70 %. In comparison: The most 
modern power-plant technology today, a CC gas turbine 
and steam plant with several 100 MW output power burn- 
ing natural gas, attains an efficiency of “only” 60 % (mea- 
sured at the Irsching power plant: 60.75 %). Considering the 
emissions of pollutants, i.e. carbon monoxide, sulfur diox- 
ide, nitrogen oxides and hydrocarbons, fuel cells have clear- 
cut advantages over conventional power plants with their 
elaborate exhaust-gas purification treatment. 

Road transportation represents another important an- 
thropogenic source of CO 2 and other harmful emissions. It 
is responsible for about a third of the CO 2 emissions of the 
industrial nations. Here, electric power could be employed 
as a locally completely emission-free power-train concept. 
However, one must not forget that the batteries used for 
electric-powered vehicles may simply transfer the CO 2 emis- 
sions to the power plant which recharges them, so long as 
the power is generated using conventional fossil fuels. Fur- 
thermore, the high weight and low storage capacity for elec- 
trical energy of the batteries (and thus the limited cruising 
range of the vehicles), as well as the long recharging times 
of available batteries, represent additional challenges to this 
technology (see the infobox “Storage Capacity of Various En- 
ergy Storage Devices” on p. 140). 

Fuel cells, in contrast, make use of the energy stored 
chemically in hydrogen, or in fossil, biogenic and synthetic 
fuels, similarly to internal-combustion engines. Their high 
energy content makes it in principle possible for a vehicle 
with fuel-cell power to show driving performance com- 
petitive with that of conventional automobiles (see also the 
infobox “Storage Capacity”). 

For applications in transportation, fuel cells with a low 
operating temperature are particularly favored, especially 
the group of polymer-electrolytic membrane fuel cells 
(PEMFC). They generate sufficient power even at normal 
temperatures. Another advantage of a fuel-cell power train 
is its more favorable efficiency profile in the partial-load 
regime, for example in urban traffic. Conventional drive 
trains using internal-combustion engines develop their best 
operating characteristics only over long distances at higher 
speeds. Therefore, hybrid vehicles are under consideration, 
not least for economic reasons, where the fuel cells would 




be as small as possible, corresponding to the limited 
requirements of urban traffic. 

Very small fuel cells with power outputs in the range 
of a few watts have thus far not been able to establish them- 
selves on the market. On the one hand, an effective alter- 
native in the form of lithium-ion batteries has asserted itself. 
On the other hand, still unsolved problems, such as the use 
of fuel-cell cartridges in cabin luggage on aircraft, have pre- 
vented their widespread application. Thus far, only a few ap- 
plications in the leisure and military sectors are promising 
for mass-produced micro-fuel cells. Here, mostly direct 
methanol fuel cells (DMFC) are in use; they are a modifica- 
tion of the PEMFC, in which liquid methanol is utilized di- 
rectly at the anode. In spite of its advantage of simple fuel 
management, the DMFC has a weakness which so far has 
prevented its wide-scale introduction onto the market: Its 
low power density leads in the end to higher system and 
operating costs. 



Fig. 1 A low- 
floor bus from 
the EvoBus 
corporation, with 
a H 2 fuel-cell 
power train. 
Shown here is a 
fleet of buses 
which operate in 
the Hamburg 
urban region 
(photo: 
Hysolution). 



Fuel Cells for Road Vehicles 

For vehicular applications, the demands on a fuel-cell sys- 
tem are very rigorous. Decisive factors compared to sta- 
tionary applications are the desired minimal volume and 
weight for a given power output. Furthermore, a fuel-cell 
power plant must be adapted to short operating times (stop- 
and-go operation), which is the reason that only low-tem- 
perature fuel cells are suitable, due to their distinctive dy- 
namics. They must be ready to de- 
liver power within a few seconds 
and able to follow rapid changes in 
power demand during accelera- 
tion and braking of the vehicle. 

Along with the technical hur- 
dles, the cost factors are most strin- 
gent in the vehicular applications 
area. Fuel cells are moving here in- 
to a market where conventional 
power-train systems already ex- 
hibit very low costs of less than 
100 €/kW. The costs of fuel- 
cell drives are currently well over 
1000 €/kW, and even their con- 
siderable efficiency advantage can- 
not adequately compensate these 
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higher system costs. Ambitious programs to reduce costs 
and new technical developments however give hope that 
the goal of economic feasibility will soon be approached 
more closely 

The chief advantage of the “Polymer-Electrolyte-Mem- 
brane Fuel Cell” (PEMFC) compared to other low-tempera- 
ture fuel cells is its straightforward cold-start behavior; how- 
ever, the temperature should not drop below 0° C. At 20° 
C, they already deliver about half their nominal maximum 
power, and they reach their optimal operating temperature 
of 70-80° C in less than a minute. In addition, the polymer 
membrane which serves as electrolyte is mechanically ro- 
bust and in general not sensitive to rapid temperature 
changes; thus, the PEMFC is predestined for non-continuous 
operating modes. The system can furthermore react to pow- 
er-demand changes in the milli-second range, so long as the 
supply of fuel and atmospheric oxygen is maintained on this 
time scale. 

A clear-cut weak point of the PEMFC consists of the fact 
that the membrane must contain water in the liquid phase. 
To prevent drying out of the membrane, the fuel must be 
moistened before entering the cell. This is accomplished by 
gas moisturizers as are shown in Figure 3. This limits their 
operating temperature range to between -20° C and the 
boiling point of water, 100° C. A further limitation is the fact 
that the PEMFC accepts practically only pure hydrogen as 
fuel. If one wants to use fossil, synthetic or biogenic fuels, 
these hydrocarbon-based substances must in most cases 
first be converted to hydrogen (“reformed”) in a preceding 
chemical reaction. During reforming of these fuels using the 
steam reforming reaction to give hydrogen and carbon diox- 
ide (CO 2 ), carbon monoxide (CO) is also produced in trace 
quantities (see also “The Production and Storage of Hydro- 
gen” on p. 146). 

Particularly at temperatures below 100° C, CO poisons 
the noble-metal catalysts in the electrodes of the PEMFC and 



thereby hampers the H 2 conversion reaction. CO is ad- 
sorbed preferentially to hydrogen on the catalyst and can- 
not readily be removed; the hydrogen is thus left unused. 
In order to prevent such a loss of power output, the re- 
formed gas must be scrupulously purified of CO. This chal- 
lenge was also one of the reasons why the automobile in- 
dustry has in the meantime abandoned the idea of reform- 
ing fuels directly on board the vehicle. 

Furthermore, one has to keep the heat balance of the 
PEMFC in mind. In order to avoid exceeding the maximum 
operating temperature of the cells, the heat of reaction and 
heat losses must be removed in a controlled manner. Al- 
though it has proven possible to integrate the elaborate 
cooling system in an elegant fashion into the overall unit, 
this problem remains an Achilles’ heel for operation at high 
ambient temperatures. 

PEMFC systems have in the meantime passed beyond 
the stage of prototype construction (Figure 3). The first 
broad-based projects for buses and bus fleets launched by 
well-known automobile manufacturers demonstrate the ma- 
turity of these systems. Parallel to these highly visible ef- 
forts, the hydrogen infrastructure required for widespread 
use is gradually being developed. The first hydrogen filling 
stations have been set up in several European cities. For this 
reason, it is not surprising that alliances between automo- 
bile manufacturers and hydrogen producers are mutually 
supporting the expansion of the hydrogen infrastructure. 
For example, the Daimler and Linde concerns are planning 
to construct 20 new hydrogen filling stations throughout 
Germany beginning in 2012. There is also an international 
plan to construct a network of stations along the Brenner 
Pass route from Munich to Verona. 

However, the present price for hydrogen fuel is higher 
than for fossil fuels. This will not change in the near future, 
since hydrogen is currently produced with considerable ef- 
fort by the reforming reaction mentioned above. It can 
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Fuel cells then and now: from the 
initial experiments in the year 
1839, here those of Sir Wiiiiam 
Grove, through the first technical 
single ceils (1965), and on to 
commercial applications: a PEM 
installation (HzfOz) with 120 kW of 
electrical output power, which 
assists non-nuclear-powered 
(conventional) submarines to 
extend their under-water range 
(photos: Siemens AG). 
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therefore not be cheaper than the raw material used as re- 
actant. Furthermore, the stringent requirements for the safe 
handling of hydrogen add to its price. The costs of com- 
pression, storage and transport of the hydrogen are also not 
negligible. 

The introduction of variable-availability energy conver- 
sion sources such as wind and solar power require storage 



of the converted energy for times when there is no wind 
or the sky is cloudy. Here lies a great opportunity for an al- 
ternative approach to hydrogen production (see also the 
chapter on “Hydrogen for Energy Storage”). During periods 
when surplus energy is being produced by the fluctuating 
renewable sources, it can be converted into chemical en- 
ergy in the form of electrolysis hydrogen using suitable 



HOW DO FUEL CELLS WORK? 



Fuel cells are electrochemical energy converters. 
They convert the energy of a chemical reaction 
directly, i.e. without a thermo-mechanical 
intermediate step, into electrical energy. 
Normally, in an (exothermal) chemical reaction, 
the electric charges (electrons) are exchanged 
directly between the reacting atoms or mole- 
cules. So, for example, hydrogen reacts sponta- 
neously with oxygen in the detonating gas 
reaction; the large amount of energy released 
by the oxidation of hydrogen is completely 
converted into thermal energy. 

The trick in the fuel cell consists of not 
allowing the “fuel" to react directly with the 
atmospheric oxygen, but rather making it first 
give up electrons at the anode. Via the external 
circuit, the electrons flow through the power- 
consuming device and return to the cathode; 
there, they are taken up by the other reaction 
partner, typically oxygen from the air. In this 
way, the reaction can be carried out in a con- 
trolled manner and with a high yield of electric 
current. 

The operating principle can also be consid- 
ered to be a reversal of electrolysis. The con- 
struction of a fuel cell is very similar to that of a 
battery: It consists essentially of two electrodes 



which can conduct electrons (anode and 
cathode) that are separated from each other by 
an electrolyte, which is an ionic conductor. The 
main difference from a battery consists of the 
fact that in the latter, the electrical energy is 
stored chemically in the electrodes, while in a 
fuel cell, the energy carrier is stored externally 
and the electrodes merely fulfil a catalytic 
function for its reaction. The structure of a fuel 
cell is shown schematically in the Figure using 
the example of a polymer-electrolyte-mem- 
brane fuel cell. The following chemical reactions 
take place in it: 

Anode reaction: 

2H2^4Hads 
4Hads^4H" + 4e- 

Cathode reaction: 

O2 ^ 2 Oads 

20ads + 4H^ + 4e-^2H20 

Overall reaction: 

2H2 + 0^2H20 

The simplest and preferred reactants are 
hydrogen as fuel and oxygen as oxidant. Purified 



reformer gas (CO content < 1 00 ppm!) can also 
be used on the cathode side and air on the 
anode side. In technical systems, the fuel cells 
are connected together into “stacks", in order 
to obtain higher electric voltages and more 
power. Fuel-cell systems have a high efficiency, 
which in principle can be well above that of 
internal-combustion engines. 




Structure of a PEMFC, schematic. 
1: Polymer electrolyte, 

2: Pt Catalyst, 

3: Cell frame, 

4: Current collector and gas 
diffusion layer 




high-pressure electrolysis apparatus. In times of energy 
shortage, the storable hydrogen can again be used to gen- 
erate electrical energy, either conventionally via thermal 
process cycles or directly with fuel cells. Large firms such 
as Siemens AG have recognised this weak point in a sus- 
tainable energy supply and have started major research pro- 
grams on hydrogen production. 

Fuel Cells for Stationary, Decentral Energy 
Production 

In contrast to mobile applications, the requirements on fu- 
el cells for stationary energy supply in a power plant can 
be more easily fulfilled, at first glance. In this case, we are 
not considering large central plants with an output power 
of more than 100 MW, since these can be more cost-effec- 
tively constructed using conventional technology, and they 
also operate with a high electrical efficiency. 

Fuel cells offer advantages for the power range below 
100 MW, which is typical of decentral power generation. In 
this range, the investment costs for conventional-technolo- 
gy plants relative to their output power increase rapidly, and 
at the same time their efficiency decreases. Here, system ef- 
ficiencies of over 45 % at 100 kW output power and up to 
70 % for fuel-cell plants with more than 1 MW are possible 
(using natural gas as fuel). 

Such high efficiencies can be obtained when the waste 
heat from the fuel cells is available at a high temperature, 
so that a subsequent gas or steam turbine cycle can be used 
for additional power generation by the system. Alternatively, 
the heat from the fuel cells can be used for other thermal 
processes. Heat transport using adsorption and absorption 




FIG. 3 I A FUEL CELL POWER TRAIN 



Fuel-cell 

system 



Drive 

motor 



Power- 
control 
electronics 



A typical design concept for a PEMFC fuel-cell power train for road vehicles. The 
compact and integrated assembly of the individual system components has in 
particular led to a considerable leap in optimizing the system in recent years. Along 
with the fuel-cell unit (blue), the drive motor (gray) and the voltage converter from 
fuel-cell output voltage to on-board system voltage (orange) are combined into a 
compact arrangement [8] (graphics: Adam Opel AG). 



cooling systems for air conditioning of buildings is already 
being utilized (see the chapter on “Solar Air Conditioning”). 
In the least favorable case, the fuel cells can supply heat for 
warm water in a district heating network, along with elec- 
tric power. 

Operating temperatures above 600° C, which are typi- 
cal of the so-called high-temperature fuel cells, initially have 
the advantage that a rapid gas reaction at the electrodes 
takes place even without an expensive noble-metal cata- 
lyst, and that the anode material can tolerate carbon monox- 
ide. In principle, a variety of fuels can therefore be utilized. 
These include gasified coal and biomass, biogas and sewage 
gas, gas from coal mines and landfills, and synthetic or fos- 
sil hydrocarbons. At present, most installations are based on 
methane, either from natural gas as a fossil source, or from 
biogas and sewage gas as renewable sources. 

Methane can be reformed within the fuel cell stack it- 
self, making use of the heat produced in the cells. An ex- 
ternally heated reformer is thus not required, which saves 
on investment costs and to a great extent on operating 
costs. Furthermore, the requirements for cooling are re- 
duced owing to the endothermal (heat consuming) nature 
of the reforming process. This leads to an improvement in 
efficiency in comparison to the PEMFC and PAFC systems, 
which operate at lower temperatures. On the other hand, 
higher operating temperatures have the disadvantage that 
the materials of the cells and the system components must 
be more corrosion-resistant and mechanically stable, which 
has thus far not been overcome. This makes them very ex- 
pensive. 

Stationary systems built by the UTC company (USA), 
with ca. 300 PAFC plants, are currently the most extensively 
installed, along with those of Tognum-MTU (Ottobrun, Ger- 
many) and FCE (USA), with around 100 MCFC plants. The 
SOFC and PEMFC technologies have been installed in only 
a few stationary systems to date. 

The PEMFC 

Decentral applications of the PEMFC for combined heat 
and power (CHP) production are limited by the low level 
of waste heat from this cell type. Since its waste heat is suf- 
ficient for low-temperature heating systems, PEMFCs could 
be utilized as household energy suppliers. Although PEM- 
FC systems require a costly fuel pretreatment which re- 
duces their overall efficiency, their suitability as household 
energy suppliers has been sufficiently documented in field 
trials. 

All the well-known space-heating manufacturers have 
recognized this potential and are attempting to break into 
the market with mature technologies (cf. “Internet”). In 
these applications, PEMFC cells compete with SOFC sys- 
tems. A generous market-introduction program in Germany 
[6] is supporting the installation of these systems. In a few 
cases, larger plants with over 50 kW of output power have 
been installed. Due to their high cost, no fuel cell applica- 
tions have thus far achieved commercial success. 
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The High-Temperature PEM 

The high-temperature PEM (HT-PEM) is a hybrid between 
the PEM and the PAEC, which we treat in the following sec- 
tion. Here, the membrane serves only to fix the actual elec- 
trolyte, which contains phosphoric acid. This type of fuel 
cell operates at a higher temperature; it thus shows less 
sensitivity to typical catalyst poisons such as CO. 

The Phosphoric Acid Fuel Cell (PAFC) 

Owing to their higher operating temperatures of 200° C, the 
phosphoric-acid fuel cells can tolerate a considerably high- 
er CO concentration of 1-2 % in the fuel gas. This means 
that an elaborate purification of the fuel gas downstream 
from the natural-gas reformer is unnecessary. Of all the 
types of fuel cells which are candidates for stationary en- 
ergy generation, the PAEC is the most technically mature. 
Thus, UTC (USA/Japan) has already put a complete system 
(including reformer) with a power output of up to 400 kW 
on the market, and it has proved itself over years of opera- 
tion. Unfortunately, here again the electrical efficiency is no 
more than 40 %, and thermal energy is output only in the 
temperature range around 90° C. Eurthermore, the neces- 
sary investment costs are still far above those of conven- 
tional technologies. 

The Molten Carbonate Fuel Cell (MCFC) 

The MCEC takes its name from its electrolyte of alkali car- 
bonates, which is used in molten form at the operating tem- 
perature of 650° C. The electric current is carried in the 
electrolyte by carbonate (C 03 ^“) ions. Maintaining the 
charge transport within the electrolyte thus requires CO 2 
circulation between the fuel gas used and the air, which is 
usually achieved by using the C02-containing anode ex- 
haust gas. The peripheral system components such as con- 
necting tubes and heat exchangers require only a limited 
high-temperature serviceability; however, the extremely ag- 



TYPES OF FUEL CELLS 



Fuel cells can be classified as low- 
temperature and high-temperature 
cells. Low-temperature fuel cells oper- 
ate in a range from room temperature 
up to about 1 20° C, while high-temper- 
ature fuel cells require an operating 
temperature between 600 and 1000° C. 
The phosphoric-acid fuel cell, with an 
operating temperature around 200° C, 
lies between these two rough groups. 

Fuel cells are named for the type of 
electrolyte they use. There are alkaline 
fuel cells (AFC), the PEMFC (polymer- 
electrolyte membrane fuel cell), the 
molten carbonate fuel cell (MCFC), the 
phosphoric acid fuel cell (PAFC), and the 
solid oxide fuel cell (SOFC). Only the 
direct methanol fuel cell (DMFC) does 
not mention the electrolyte in its name, 
but instead indicates its ability to react 
methanol directly as fuel. Typically, it is 
based on a PEMFC. The different elec- 
trolytes determine to a large extent the 



characteristic properties of the corre- 
sponding fuel cells, such as their operat- 
ing temperatures and conductivity 
mechanisms. Directly related to this is 
the choice of usable catalysts, require- 
ments for the process gas, etc. 

Low-temperature fuel cells require 
noble-metal catalysts in their electrodes 
(platinum or noble-metal alloys), in 
order to activate the electrochemical 
reaction. These catalysts are in general 
sensitive to CO poisoning at low tem- 
peratures. 

The higher operating temperature 
of the PAFC, in contrast, allows it to 
tolerate CO concen-trations of 1 -2 %, so 
that instead of pure hydrogen, so-called 
reformer gas can be directly input to 
the cells. The high operating tempera- 
tures of the MCFC and the SOFC make 
these cells insensitive towards CO and 
even allow the direct reaction of 
methane (natural gas). 




© Waste heat readily usable; 
direct conversion of natural 
gas possible 

© High-performance materials 
required; long preheating 
times 

© Short preheating time 

© Limited use of waste heat; 
only H2 (or methanol) as 
fuel; low tolerance for CO 



Typical operating 
temperatures 
of the different 
types of fuel 
cells and the pro- 
perties which 
follow from them. 
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SOFC TUBE CELLS 



Left: This TOO kWSOFC 
plant (Siemens) has 
achieved a world- 
record operating life of 
nearly 40,000 hours 
(i.e. almost five years). 
For comparison: In the 
automotive sector, 
operating lifetimes of 
5, 000- 1 0, 000 hours are 
planned. Right: Cross 
section through a tube- 
shaped single cell. 




THE PRODUCTION AND STORAGE OF HYDROGEN | 



Currently, hydrogen is produced on 
an industrial scale by steam reform- 
ing. In most cases, a fossil energy 
carrier such as methane is used as 
reactant for this endothermal, i.e. 
heat consuming reaction; it is chemi- 
cally decomposed. Reforming can 
also be used as a preliminary step 
within a fuel-cell system. In the high- 
temperature cell types SOFC and 
MCFC, the operating temperature is 
already sufficient to supply the 
necessary process heat; this at the 
same time provides the required 
cooling of the cells. For low-tempera- 
ture cells, in contrast, the necessary 
heat must be supplied externally, 
which reduces the system efficiency 
in the overall energy balance. 

The resulting gas mixture is called 
reformer gas or reformate. Its main 
components in the industrial process 
are hydrogen, carbon dioxide, water 
vapor and about one percent of 
carbon monoxide. The technical 
alternatives to steam reforming are 
autothermal reforming and partial 
oxidation of fossil fuels. In industrial- 
scale processes, the fuel used is 
burned sub-stoichio-metrically, i.e. 
with reduced oxygen input, and 
provides the required process heat 
using suitable catalysts. The exother- 
mal variant is called partial oxidation, 
while the energy-balanced sum of 
combustion and reforming is termed 
autothermal reforming. The latter has 
gained a certain importance in space 
heating applications. Operational 
differences, besides the time for 
preheating, are the different yields of 



quent “shift” and purification steps 
from initially over one percent to 
values below 100 ppm (parts per 
million). 

In principle, all organic hydrocar- 
bons can be used for this process, as 
long as they contain no critical 
constituents (halogens, sulfur etc.). 
Technically established fuel-cell 
applications have employed among 
other fuels natural gas, sewage and 
landfill gas, biogas, mineshaft gas, 
methanol, ethanol, gasoline, LPG, 
diesel, or glycerine (from biodiesel 
production). Even the use of synthesis 
gas from coal is being investigated for 
SOFC hybrid power plants, especially 
in countries with a good supply of 
coal, for example the USA. 

For FI 2 storage, there are estab- 
lished methods using pressure vessels 
or cryogenic tanks. For special appli- 
cations, metal hydride absorbers offer 
an alternative which permits the 
reservoir to operate almost without 
external pressure. In submarines 
powered by fuel cells, giant metal 
hydride storage cartridges are 
mounted on the outer hull walls. 

Steam Reforming: 

CH4 + 2 H2O - CO2 + 4 H2 

Partial Oxidation: 

CH4 + O2 ^ CO2 + 2 H2 

Autothermal Reforming: 

CH4 + xH20 + (1-x/2)02 

^ CO 2 + (2+x) H 2 



H2. 



As byproduct of the reaction, CO is 
formed. The CO content at the output 
of the reformer is lowered by subse- 



Various thermal processes for pro- 
ducing H2. The reaction schemes are 
idealized. 



TAB. 


REFORMING METHOD 








Steam Ref. 


Autothermal Ref. 


Partial Oxid. 


AH(kJmoM)at25°C 165 


0 


-318 



Reformate (% H 2 ) 74 53 41 

Comparison of possible reforming routes for methane: Energy balance and 
typical hydrogen concentrations. 



gressive electrolyte causes corrosion of the cell and stack 
components. 

MCFC installations with output power up to 2.8 MW 
have already been built; their electrical efficiencies were 
47 %, and overall efficiencies (electrical and thermal) of 
over 85 % were measured. However, in over 20 years of tri- 
als of these installations, the goals for their operating life- 
times and costs have not yet been met. 

The Solid-Oxide Fuel Cell (SOFC) 

In the SOFC, a thin ceramic layer of yttrium-oxide-doped 2 ir- 
conium oxide (YS2) serves as electrolyte, allowing the pas- 
sage of oxygen anions at its operating temperature of 900 
to 1000° C. 

The power output of the systems currently being test- 
ed ranges from one kilowatt for household energy provision 
using natural gas up to a pressure-driven 200 kW unit. The 
latter can be hybridized with a gas turbine. The expected 
electrical efficiency is in the range of 70 % - thus far, 53 % 
has been measured. 

Marketing of the SOFC technology is to be expected 
only in the longer term, in spite of the performance already 
achieved and the attractive perspectives for the future. In 
the past twenty years, it has not been possible to reduce its 
manufacturing costs sufficiently, nor to improve the mate- 
rials durability to an acceptable level. This type of cell tech- 
nology exhibits the greatest volatility in terms of the num- 
ber of firms that are attempting to develop it. 

Micro-Fuel Cells 

For supplying low to very low power levels (1-100 W), fu- 
el cells are also interesting, because they can make the high 
energy densities of hydrogen or methanol available to elec- 
tric power consumers, e.g. for portable applications. If very 
long operating times are desired, then the combination of 
a fuel storage system and a fuel cell has advantages com- 
pared to a battery. Operation at room temperature and their 
rapid operational readiness would seem to recommend the 
PEMFC and DMFC cells as the only reasonable options for 
these applications. 

Although initial demonstration experiments have been 
successful, nevertheless micro-fuel cells have not been able 
to displace the established Li-ion battery technology. In 
particular, the open question of the supply and disposal of 
the hydrogen cartridges has been an obstacle, and certifi- 
cation in certain environments has been only slowly forth- 
coming. For example, the use of pressurized containers in 
aircraft cabin luggage is not permitted. The manufacture of 
micro-fuel cells is closely related to the technology of semi- 
conductor devices on wafers. Thus, arrays of microcells 
which can be connected in series or parallel can be pro- 
duced. 
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Only the direct-methanol fuel cell (DMFC) has gained 
some support on the leisure market. Here, systems with a 
few 100 W output power could supply power to campers 
and small boats. The DMFC is also being used in military ap- 
plications. Portable mini-systems for the individual power 
supply of communications and navigation devices are un- 
dergoing testing. 

If there is a breakthrough in hydrogen storage or a quan- 
tum leap in the technical maturity and concept simplifica- 
tion of the DMFC, then a market for micro-fuel cells could 
be developed much more quickly than for vehicle power 
trains or for decentral energy supplies. 

Outlook 

Whether, and how soon, fuel-cell vehicles will take over the 
streets depends to a large extent - along with cost reduc- 
tions - on the future price of the currently preferred fuel, 
hydrogen. Applications in stationary power generation are 
less complicated, where dynamics, cold starting and H 2 pu- 
rity are less important. Here, however, the high specific 
costs have continued to delay a broad-based market entry 
both for decentralized large-scale energy production and 
for household energy supplies. 

In the meantime, fuel cells are competing not only with 
the conventional technologies that they were supposed to 
supplant. More and more, other so-called “new technolo- 
gies” are entering the race in the same direction, and they 
are to some extent more cost-efficient and technically ma- 
ture; for example, space heating systems based on Stirling 
machines. 
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Summary 

Fuel cells have reached a high level of technical development 
The PEMFC has demonstrated its reliability for a series of new 
applications. The PAFC and the MCFC have already been field- 
tested in many plants of 100 l<W and more output power; in 
the case of the SOFC, market entry has failed due to the lack 
of reliable materials and the resulting high costs. Therefore, 
in order for fuel cells to be economically competitive with es- 
tablished technologies of mobile and stationary energy con- 
version, a drastic cost reduction must be achieved, both for 
the fuel-cell stack itself and for the auxiliary systems repaired 
for their operation. In vehicle applications, the still open gues- 
tions of fuel supply (infrastructure, H 2 production and H 2 stor- 
age) must also be addressed. 





Mobility and Sustainable Energy 

Electric Automobiles 

BY Andrea Vezzini 



Electric automobiles are zero-emission vehicles as far as their 
operation is concerned, provided that their power comes 
from renewable sources. Modern electric drive trains are 
superior to internal-combustion engines, but their expensive 
batteries remain a bottleneck. The automotive industry is 
now investing considerable sums in their further develop- 
ment. - An insight into the current state of the technology. 



E lectric cars indeed operate emission-free when the pow- 
er for charging their batteries comes from renewable 
sources (Figure 1). Even when their power is generated 
from fossil sources, they show a good CO 2 balance, since 



they utili2c the electrical energy very efficiently Our mea- 
surements at the Bern University of Applied Sciences in 
Biel, Swit 2 erland on an all-electric city vehicle, the Mitshu- 
bishi i MiEV, which has been on the roads in Europe since 
2010, clearly demonstrate this. They showed a reduction of 
about 60 % in CO 2 emissions compared to a standard mod- 
el with an internal-combustion engine, provided that the 
electric power was supplied entirely from a modern gas 
and steam combined-cycle plant. 

The automobile industry has in the meantime made it 
clear that they see the future in terms of all-electric drive 
trains, following an intermediate phase of hybrid technolo- 
gy (internal combustion plus electric power), and they are 
investing heavily. But the pioneers are having difficulties: 
Thus far, two models of Nissan-Renault and Chevrolet have 




On-board power circuit (12 V) 
H Control circuits 
■ High-voltage circuits 
H Hydraulic lines, braking system 



Charging device 
High-voltage battery 
Inverter with DC/DC converter to 1 2 V 

Q Electric axle drive with 
separate motor-generator 

B Antiblocking system (ABS) / 
electronic stability program (ESP) 
Cooperative regenerative 
braking system (Actuation control 
module - hydraulic (6) and brake 
operating unit (7) 



Fig. 1 A **transparent** all-electric car: The large battery for drive-train power is located safely under the body between the 
axles. It and the drive motor operate within a high-voltage circuit at mains voltage level. The inverter (3) supplies the 12 V 
circuit including a conventional auto battery for peripheral devices (turn signals, window motors, instrument panel, muitime- 
1 38 I dia etc.). When braking, the motor serves as a generator and recycles electrical energy (recuperation) (graphics: Bosch). 
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fallen well behind the planned sales figures for 201 1 [1] . A 
typical example, which represents this whole industrial sec- 
tor, is the joint venture SB LiMotive, founded in 2008 by the 
auto-component manufacturer Bosch and the electronics 
firm Samsung and ended in September 2012; both compa- 
nies now continuing its battery businesses alone. Starting 
with a development budget of 500 million dollars, they 
proposed to install a manufacturing capacity for lithium- 
ion batteries for 50,000 all-electric cars to be in place by 
2013 [2]. 

Megacities with short-haul traffic and air pollution prob- 
lems will be the first major markets for all-electric vehicles. 
The geographically small countries Israel and Denmark, for 
example, also want to electrify their road traffic, and they 
are cooperating with the Californian concern Better Place 
to set up an infrastructure of recharging stations and a bat- 
tery leasing system [3]. Nevertheless, SB LiMotive takes a 
conservative tack and predicts that the world market for 
all-electric automobiles will take off in earnest only after 
2020. 

The batteries of future electric cars will be based on 
lithium-ion technology. According to the plans of SB LiMo- 
tive, for example, the first all-electric cars will have a cruis- 
ing range of 200 km on a fully-charged battery. At an aver- 
age daily driving distance of 90 km in Germany (30 km in 
Switzerland) for commuters, this should relieve the fears of 
potential buyers that they will be stranded underway. Ad- 
ditional obstacles to buyers are a lack of trust in the relia- 
bility of the batteries and the dashboard indicators for 
charge level and remaining cruising range, and the long 
recharging times, which are several hours. A serious prob- 
lem at present is also the high cost of the large battery, 
which must be drastically reduced by the industry. This is 
emphasized for example among current electric vehicles by 
the Mitshubishi i MiEV: It costs two to three times more than 
comparable models with internal-combustion engines. 

Experience with hybrid technology will pave the way 
in the coming years for all-electric drives. In hybrid vehicles, 
the power-control electronics, drive motors and an ad- 
vanced battery technology are being tested to a degree 
which was previously unknown in the automobile industry. 
Electric drive trains are already superior to internal-com- 
bustion engines, since they deliver optimal power and 
torque over a much wider rpm range (Eigure 2) [4] . Eur- 
thermore, they provide maximum torque to the wheels at 
stall. Thus, they require neither a clutch nor a large trans- 
mission. That reduces frictional losses and saves weight and 
space. 

Modern electric motors are not only more compact than 
internal-combustion engines, they also have a considerably 
higher efficiency: They convert well over 90 % of the elec- 
tric power into mechanical driving force, while the best 
diesel engines utilize only 35 % of the chemical energy 
stored in their fuel. To be sure, the same weight of fuel con- 
tains 50 to 100 times more energy than a present-day fully 
charged lithium-ion storage battery. Electric vehicles are 



FIG. 2 I MOTOR CHARACTERISTICS 




The torque (red curve) of an electric motor with 186 kW 
maximum power (Tesla Roadster), compared to that of a 
modern four-cylinder internal-combustion engine (ca. 120 kW 
maximum power, black curve); blue: the power curve of the 
electric motor (after [4]). 

correspondingly heavy, even though their more efficient 
drive train requires less on-board energy. 

An important step towards an all-electric vehicle will be 
the so-called plug-in hybrids. They are planned to travel 
over typical commuter distances using only electric power 
- including expressways. This already requires an electric 
drive train with comparable power to an internal-combus- 
tion engine. The drive battery must be correspondingly di- 
mensioned. In contrast to self-sufficient hybrid vehicles, 
they will be recharged with electric energy directly from 
the power grid. 

Drive-Motor Power and Battery Capacity 

In designing the electrical drive components of a hybrid or 
all-electric vehicle, the drive power and the weight of the 
on-board battery must be optimized. One of the great ad- 
vantages of an all-electric drive is the possibility of operat- 
ing the drive motor for a short time at a multiple of its av- 
erage maximum power. The average power can then be 
chosen to be considerably less than the peak-load power, 
making the electric drive train smaller, lighter and more 
economical. 

We have simulated these requirements with software 
tools that we developed ourselves. If we insert the design 
electric drive into a power-consumption simulation, we ob- 
tain histograms for the energy used (Eigure 3). Eor a quite 
realistic driving cycle developed at the ETH in Zurich (the 
Zurich commuter cycle), they show that the efficiency must 
be optimized for speeds under 50 km/h and for typical 
cross-country speeds of 100 km/h. The drive train must be 
optimized in particular for the partial-load regime. This al- 
so defines the region of average power, where the electric 
drive should have its best efficiency. Eor a city vehicle, this 
could be for example a drive power of 23 kW at partial 
load and 45 kW for peak load. 
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The distribution of the energy consumed vs. driving speeds for the Zurich commuter 
driving cycie (source: drivetek ag). 



Once the components of the drive train have been de- 
fined, then the required battery capacity can be determined 
as a function of the maximum power needed and the cruis- 
ing range desired. Bosch and SB LiMotive, for example, 
project a battery capacity of 35 kWh for a compact car with 
a 200 km cruising range and equipment and driving per- 
formance similar to those of a conventional automobile. 
This battery, however, including its technical peripheral de- 
vices, would weigh 350 kg. It is planned by SB LiMotive 
to reduce this to 250 kg; in addition, today’s price of 500 €/ 
kWh storage capacity is to be decreased to 350 € by 2015. 





Then such a battery would still cost 12,000 € - it would 
thus still be a very major cost factor for the all-electric car. 

The strategy of two other automobile manufacturers is 
also interesting: They announced serial-production plug-in 
hybrid models for 2010 and 2012. For the plug-in variant of 
the successful Toyota Prius, tests for the optimal design of 
the battery were carried out from 2009 to 2012. The dri- 
ving behavior in daily usage of a generation Prius 
equipped with two tried-and-tested Ni-metal hydride 
(NiMH) battery packs of the previous series is being stud- 
ied in cooperation with the French energy supplier Elec- 
tricite de France. The NiMH battery weighs around 1 10 kg, 
while the future series production model using lithium-ion 
technology should weigh 55 kg for the same capacity, about 
5 kWh. With electric-only driving, the cruising range lies be- 
tween 1 5 and 20 km, and the test vehicles attain maximal 
speeds of 80 km/h. When their internal-combustion engines 
are running, they can drive faster. 

General Motors is planning to extend the battery ca- 
pacity of its Chevrolet Volt model from 16 to 16.5 kWh in 
2013. Its current battery weighs in at 175 kg, correspond- 
ing to an energy density of 91 Wh/kg. High-energy cells to- 
day achieve up to 160 Wh/kg, but the weight of the whole 
unit, including all the control and safety electronics, reduces 
this to currently about 90 Wh/kg. 

Battery Management System 

These large high-power batteries require a battery man- 
agement system with refined monitoring and protection 
functions for the battery (Figure 4 [5]). In normal operation, 
only the monitoring functions are active; their principal 
tasks are: 

• Voltage, current and temperature monitoring: These 
primary data are used to derive other values. These in- 
clude for example the internal electrical resistance, 
which gives information about the charge state and the 
general condition of the battery; 

• Charge equalization: Since the characteristics of the 
battery cells are never precisely the same, and further- 
more, the temperature may vary at different points with- 
in the battery pack, charging and discharging can load 
the cells differently. Over time, the capacity of the cells 
would drift apart, and the capacity of the weakest cell 
would limit the whole battery. Therefore, discharging re- 
sistances in parallel or actively-controlled recharging cir- 
cuits provide for charge equali 2 ation among the cells. 

• Monitoring the charge state: This plays a very impor- 
tant role in managing the battery and in the information 
display for the driver. While the battery management 
monitors the operation of the battery only within cer- 
tain charge-state limits, a superordinate con-sumption 
computer calculates the remaining cruising range from 
the charge state. 

The protection functions become active in case the battery 
is loaded outside its specified range, or in case of accident. 



Functions of the battery management system (after [5]). 
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The battery must then be reliably disconnected from the 
rest of the high-voltage circuitry within the vehicle. 

Lithium-ion Batteries 

Storage batteries based on lithium-ion technology have 
many advantages. They for example have neither a memo- 
ry effect like nickel-cadmium batteries, i.e. a loss of storage 
capacity after frequent partial discharge, nor an inertia ef- 
fect as in nickel-metal hydride batteries. This ‘la 2 y effect’ 
causes the operating voltage to drop after recharging a bat- 
tery which was previously not fully discharged. 

In particular, the high energy-storage density of the lithi- 
um-ion batteries, already better than all their competitors, 
has been doubled within less than ten years, so that they 
dominate the market for portable devices such as laptops or 
mobile telephones. For hand-held tools, such as battery-op- 
erated screwdrivers, a similar development is rapidly taking 
place. In such tools, not only a high energy capacity (how 
long can I use the device?), but also a high power output 
(how strong is the device?) are required of the battery pack. 
Here, a variant of the lithium-ion technology, the lithium-iron 
phosphate battery, is increasingly dominating the market. 

For hybrid and all-electric vehicles, the question arises 
as to whether these types of lithium batteries can simply 
be scaled up in their energy storage capacity and power out- 
put and used in the vehicles as energy storage systems. The 
requirements for the two types of vehicles are in fact quite 
different [8] . If the battery is expected to last for the life of 
the automobile, then in a hybrid vehicle, it must cope with 
up to a million charging and discharging cycles. In order to 
keep it from deteriorating, it is charged and discharged to 
only 5 to 20 % of its full capacity. This strategy would how- 
ever make the battery of an all-electric auto much too heavy. 
During the life of the vehicle, it must withstand “only” 2,500 
to 3,000 cycles, but it is discharged up to 80 — 100 % of its 
full capacity - and is thus considerably more stressed. 

Furthermore, batteries for hybrid vehicles in particular 
must accept and deliver electrical energy quickly; they must 
be optimized for their power output. For all-electric autos, 
on the other hand, the battery must be able to store a large 
quantity of energy (how far can I drive?), i.e. it must have 
a high specific energy density. 

Principle 

Lithium is the most electropositive element in the Period- 
ic Table. It yields the highest battery output voltages and 
thus also the highest specific energy densities, theoretical- 
ly up to 1,000 Wh/kg. Lithium batteries function similarly 
to galvanic cells - to be sure, without a chemical reaction 
of the active materials. Instead, lithium ions are encased in 
the positive and negative electrodes as in a sponge. On 
charging (Figure 5, blue arrows), the positively-charged Li 
ions move from the cathode through the electrolyte to the 
spaces between the graphite layers (nC) of the anode, while 
the charging current delivers electrons through the exter- 
nal circuit. Within the anode, the Li ions form a so-called in- 
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Cathode Anode 

9 Oxygen atom • Lithium ion (Li+) 

Metal atom • Carbon atom (graphite) 

The structure of a lithium-ion storage battery. The separator 
membrane, which allows lithium ions to pass freely, is not 
necessary for the functioning of the battery, but is often 
inserted into high-power cells as protection against internal 
short circuits. This function can also be performed by the SEi 
layer on the graphite electrode (right). 

tercalation compound with the graphite. In the case of a 
lithium battery with a lithium cobalt dioxide cathode, the 
following reaction formula applies: 

LiCo02 + C — ^ Lij_;^Co02 + Li^^C. (I) 

This reaction takes energy from the charging device and 
stores it in the battery. On discharging (Figure 5, red ar- 
rows), it is again released. The electrons in the external cir- 
cuit can then perform useful work, e.g. mechanical work in 
an electric motor, before they flow back to the cathode. 
Within the cell, the Li ions drift back to the metal oxide: 

"I" ^ hll-x+ctcCt)02 + Lix-cUrC. (2) 

It is important for the proper functioning of the intercala- 
tion process that a protective covering layer be formed over 
the negative electrode, termed the ‘solid exchange inter- 
face’ (SEI) layer. It allows the small Li"^ ions to pass through 
freely, but blocks the passage of the solvent molecules from 
the electrolyte. If this cover layer is incomplete, then sol- 
vent molecules are intercalated along with the Li"^ ions, ir- 
reversibly destroying the graphite electrode. 

Battery Types and Characteristics 

For the usual lithium storage batteries, the active material 
of the negative electrode (the anode for the inner-cell cir- 
cuit) is graphite. The positive electrode (cathode) usually 
contains lithium-metal oxides such as LiCo 02 , LiNi 02 , or 




Separator membrane 
(optional) 



Electrolyte 
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CATHODE MATERIALS 







Cathode Material 


Average 
Voltage (V) 


Energy Density 
(Wh/kg) 


UC 0 O 2 




3.7 


110-190 


LiMn02 




4.0 


110-120 


LiFeP 04 




3.3 


95-140 


Li 2 FeP 04 F 


3.6 


70-105 


LiNii/3Coi;3Mni/302 


3.7 


95-130 


Li4Ti50i2 


2.3 


70- 80 


Source: Leclanche SA. 



the spinel LiMn 204 , with a layered structure. Depending on 
the material, different energy densities and cell properites 
(high-power or high-energy battery) result. A summary of 
the typical cathode materials is given in Table 1 . 

For further considerations, I will group the usual cath- 
ode combinations based on cobalt, manganese, nickel or a 
combination of these elements under the collective term 
lithium-ion batteries’. Owing to the relative maturity of 
their technologies, they are currently at the focus of atten- 
tion from the automotive industry. Batteries based on 
lithium titanate (Li 4 Ti 50 i 2 ) and lithium-iron phosphate 
(LiFeP 04 ) will be considered separately. 

Compared to other battery systems, the lithium batter- 
ies exhibit a higher specific energy density for nearly all the 
cathode materials (Table 2). Still more important, however, 
is their often higher stability with respect to charge/dis- 
charge cycling. Here, the titanate technology is very promis- 
ing, although it is not yet mature. The only lithium titanate 
battery currently available commercially is the Super Charge 
Ion battery (SCiB) of Toshiba. This battery is supposed to 
be chargeable to 90 % of its nominal capacity within 5 min- 
utes. However, the SCiB has a relatively limited energy den- 
sity of about 67 Wh/kg, and thus hardly more than Ni-MH 
batteries (Table 2). 

Operating Lifetimes 

Precisely with regard to cycling stability and operating life- 
time, one finds differing results depending on the applica- 
tion. While the battery is usually very deeply discharged in 
all-electric or plug-in hybrid vehicles, in hybrids it is more 



frequently but less deeply discharged, as mentioned above 
[8]. Another important factor for the cycling stability of 
lithium-ion batteries is their operating temperature. Higher 
operating temperatures reduce the number of cycles that 
can be performed. Furthermore, the batteries lose some of 
their storage capacity even on the shelf - the higher the 
temperature, the greater this loss. 

As a third factor, the charging and discharging power 
during operation limits the operating lifetime of the bat- 
tery. At a constant charge/discharge rate of three times the 
nominal output current (3C loading), for example, the life- 
time decreases depending on the particular technology by 
up to 40 % as compared to 1C loading. This is important, 
since the required drive power of an electric vehicle often 
exceeds the nominal battery power by a factor of 3 or 4. 
Nevertheless, this effect is usually negligible, since such 
peak power loads do not occur too often in practice, es- 
pecially in city traffic. 

Due to these complex interdependences, a model to 
predict battery lifetimes is difficult to set up. It would how- 
ever be important for developing battery systems for all- 
electric and hybrid vehicles, since it determines significant 
commercial parameters such as the guarantee lifetime. In 
operation, also, the question of the “general health” of the 
battery is a central task for the battery management sys- 
tem. Furthermore, purchasers of used cars will want to 
know the state of the expensive battery. 

Operating Parameters 

The charging and discharging characteristics of the bat- 
teries at different temperatures and currents are particu- 
larly important during operation. They give a measure of 
the available quantity of energy - that is, how full the 
“tank” still is. However, only Li-ion batteries with cobalt 
cathodes have an approximately linear relationship be- 
tween the charge removed and the battery voltage; this is 
no longer the case for cells with lithium-iron phosphate 
or titanate cathodes. Their charge state is registered by the 
newest battery management systems using an ampere- 
hour counter: It determines the charge removed from the 
battery by integrating the current over the time of opera- 
tion. 



TAB. 2 



BATTERY TYPES AND THEIR CHARACTERISTICS 





Lead-Acid Battery 


NiCd 


NiMH 


Li ions 


Titanate 


Phosphate 


Energy density (Wh/kg) 


40 


45-60 


80 


120-200 


60-80 


90-110 


Cycles 


200-300 


1000-1500 


300-500 


500-1000 


8000 


2000 


Temperature range (°C) 


-20 - 60 


-40 - 60 


-20 - 60 


-20 - 60 


-30 - 80 


-20 - 60 


Self-discharge (%/month) 


5 


20 


30 


5 


2 


5 


C-rate (power density) 


Very high 


Very high 


Fligh 


Low 


Very high 


Very high 


Nominal voltage (V) 


2.0 


1.2 


1.2 


3.6 


2.3 


3.3 


Typical charging time 


2 . 3 - 2 . 6 V: 20 h 


c/10: 11 h 


c/4: 5 h 


4.2 V: 3 h 


2.8 V:1.5h 


4.0 V: 1.5 h 


Output voltage (V) 


1.7-1. 8 


1.0 


1.0 


3.0 


1.8 


2.0 



C = nominal capacity of the battery. Source: Leclanche SA 
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The amount of energy that can be extracted from the 
battery also depends strongly on its operating temperature. 
At low temperatures, the chemical reactions occur more 
slowly and the viscosity of the electrolyte increases. This in- 
creases the internal resistance of Li-ion batteries and low- 
ers their available power output. The usual electrolytes can 
also frec 2 e at temperatures below -25° C. Some manufac- 
turers list the operating temperature range as 0 to 40° C; 
the optimal range is 18 to 25° C. There are however Li-ion 
storage batteries with special electrolytes which can oper- 
ate down to -54° C. Thus, the battery management systems 
in all-electric and hybrid vehicles must include a thermal 
management program, which prevents all too drastic tem- 
perature fluctuations in the battery. In the winter, for ex- 
ample, the battery is heated while being charged from the 
power grid. 

One of the advantages of Li-ion batteries is their simple 
charging procedures. Gassing out as with lead-acid batter- 
ies, which is difficult to control, does not occur. Therefore, 
the battery can simply be charged at constant current un- 
til it has reached its nominal voltage value; it is then further 
charged at constant voltage until e.g. the charging current 
has decreased to 1/20 of the nominal output current. Even 
with charging currents up to twice the nominal output cur- 
rent, around 85 % of the maximum charge can be trans- 
ferred to the battery. Such a battery can thus be charged al- 
most completely an about a half-hour. This is exploited for 
example hy Mitshubishi in their electric car i MiEV This can 
be done, to be sure, only with a special external charging 
device, since the usual mains connections can not deliver 
the required high charging currents and power levels. 

In addition to this attractive possibility of rapid charg- 
ing, the batteries exhibit a very high charging and dis- 
charging efficiency (Eigure 6). The much poorer efficiency 
of lead-acid batteries is caused by losses during the gassing 
phase; in Ni-metal hydride batteries, the high internal re- 
sistance is in part responsible. 

Eurthermore, batteries for hybrid vehicles especially 
must accept and deliver electrical energy quickly; they must 
be optimized for their power output. Eor all-electric autos, 
on the other hand, the battery must be able to store a large 
quantity of energy (how far can I drive?), i.e. it must have 
a high specific energy density. 

Safety 

A frequent question regarding lithium-ion batteries is that 
of operating safety. Laptops that spontaneously catch fire 
and explode have badly shaken public confidence in this 
technology. There are varous causes for the failure of lithi- 
um-ion batteries, and its effects are likewise diverse. Often, 
metallic lithium, which reacts violently with water, is con- 
fused with lithium ions. The ions are considerably safer, as- 
suming that the usual cautionary practices are observed. 
Among these are the avoidance of overcharging and of com- 
plete discharging. In both cases, metallic lithium precipi- 
tates onto the electrode surfaces. It forms needle crystals 
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Lithium-ion 
battery 

Nickel-metal 
hydride battery 

Lead-acid 
battery 

Capacitor 

80 90 100 

Energy efficiency of one cycle (%) 

The charging and discharging efficiencies of various electrical 
energy-storage devices (after [6]). 













; : 








: ] ! 






1 i [ 


t i i 









there (dendrites), which can penetrate the optional sepa- 
rator and cause short circuiting and ignition of the lithium. 
A good battery management system will therefore keep a 
close watch on these limits and, if necessary, will disconnect 
the load from the battery. 

The laptop fires were to be sure caused by metallic im- 
purities from the production of the batteries, which gave 
rise to internal short circuits. This caused a temperature in- 
crease, starting a thermal runaway in which the cells re- 
leased more and more energy. The cause of the open flames 
was mostly the flammable electrolytes (in particular the sol- 
vents they contained, such as ethylene carbonate, diethyl 
carbonate, etc.). Above 200° C, most cathode materials al- 
so decompose. Nickel-cobalt-aluminum (LiNiCoAI02) de- 
composes most readily, followed by cobalt oxide (LiCo 02 ) 
and manganese oxide (LiMn02). Lithium-iron phosphate is 
the most stable. The graphite anode also produces heat and 
contributes to the thermal runaway; lithium titanate is less 
problematic. 

The safety of lithium-ion batteries thus depends on their 
design and production quality. A good battery management 
cannot make a bad battery safer, but it can prevent damage 
to a good battery due to improper operation. 

Conclusions 

Recent progress with lithium-ion batteries in particular un- 
derlines the hope that all-electric cars will succeed on the 
market. This is especially true for short-haul traffic in urban 
centers. The positive experience gained with hybrid vehi- 
cles has encouraged automotive manufacturers to develop 
all-electric drives with a greater cruising range. The key to 
successful solutions lies in the consistent pursuance of two 
goals: Increasing the efficiency and reducing the empty 
weight of the vehicles. The integration of battery cells, con- 
trol electronics and the heating and cooling peripheral de- 
vices into a single battery pack plays an important role. 

It is also important that automobiles be designed in the 
future with all-electric drives in mind from the outset, rather 
than simply being refitted with with an electric drive train. 
In particular the peripheral devices and additional electri- 
cal loads on board, from the air conditioning to the window 
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motors and power steering, should be designed especially 
for electric vehicles - then, the 12 volt on-board power cir- 
cuitry including the lead battery could be dispensed with 
(Figure 1). Furthermore, consistent lightweight construc- 
tion is necessary, in order to at least partially compensate 
for the weight of the batteries. 

A question which is occasionally discussed in the news 
media will most certainly not be the cause of failure of elec- 
tric cars as a mass-transport medium: a scarcity of lithium. 
The world’s largest lithium producer, Chemetall, has esti- 
mated that there is a sufficient amount of readily accessible 
lithium on the earth [7] , presuming that lithium from recy- 
cling of used batteries is also utili 2 cd. 

Another important question is that of increased electric 
power consumption due to a growing number of electric 
cars. The answer is surprising, as the example of Germany 
shows. If the German Federal government achieves its goal 
of a million electric cars on German roads by the year 2020, 
then the power consumption in Germany will increase on- 
ly by an estimated one-half of one percent. 
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Summary 

All-electric automobiles are zero-emission vehicles in opera- 
tion, so long as they are provided with electric power gener- 
ated without CO 2 production. But even when they use power 
generated from fossil fuels, they have a good CO 2 balance. 
The reason: Electric motors have efficiencies of over 90 % 
(diesel engines: 35 %), and they can even dispense with a 
transmission. The bottleneck is still their expensive and heavy 
batteries, with their limited energy-storage capacities. Rapid 
progress in lithium-ion battery technology gives hope, how- 
ever, that there will be a breakthrough within the coming 
decade. Large automotive batteries reguire a complex bat- 
tery management in order to operate safely and with a long 
lifetime. 
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How lithium-ion batteries work (animation) 

www.sblimotive.co.kr/en/products/basic_principle 





Solar Air Conditioning 

Cooling with the Heat of the Sun 

BY Roland Wengenmayr 



When the Sun burns down mercilessly, it heats up buildings 
especially fast. But precisely then, it also delivers the most 
energy for powering large air-conditioning systems. 

I n order to keep cool, the Americans in particular con- 
sume enormous amounts of energy. The air-conditioning 
systems of the roughly one hundred million households in 
the USA eat up nearly five percent of the annual US elec- 
trical energy production. Worldwide, the market for air con- 
ditioning is growing at a startling pace. Along with it, the 
consumption of environmentally harmful fossil fuels is ex- 
ploding. But there is a way out: Solar energy can also be 
used for cooling. 

When the sun is shining mercilessly, it not only makes 
people suffer from the heat, it also provides a large amount 
of technically usable thermal energy. What would be more 
obvious than to use this energy directly to power the air con- 
ditioning? Such installations would offer an ideal solution for 
households and industrial buildings, whose cooling re- 
quirements are determined mainly by the local climate, that 
is the momentary insolation and the air temperature. They 
are also interesting for houses which have no connection to 
the power grid. This is true especially in Australia, since 
there, only ten percent of the land area is served by the elec- 
tric power network. A high percentage of the households 
supply their needs by using a diesel generator. In these hous- 
es, cooling by utili 2 ing solar energy would yield clear-cut re- 
ductions in diesel fuel consumption and CO 2 emissions. 

In regions with a good infrastructure, also, an alternative 
to conventional air conditioning can pay off - even in cool- 
er Central Europe. ‘At present, in Europe over 300 systems 
are installed. A growing number of them operate in the 
range of low cooling power up to 20 kW, since meanwhile 
suitable cooling installations for this range are available. 
Here, the research and development efforts of the past years 
are bearing fruit” summarizes Hans-Martin Henning of the 
Fraunhofer Institute for Solar Energy Systems (ISE) in Erei- 
burg, Germany. The ISE researchers for example construct- 
ed a solar-assisted air conditioning system for the Universi- 
ty Clinic in Ereiburg in 1999; it cools a laboratory building. 

All solar-powered air conditioning systems operate on 
the same basic principle: an evaporating liquid takes up 
heat and cools its surroundings; if the vapor is pumped 
away and liquefied elsewhere, it gives up its stored thermal 
energy again there. Using these two steps, heat can be trans- 
1 46 I ported out of a closed room. Refrigerators and conventional 



air conditioners also operate on this principle. In their case, 
a strong electric compressor densifies the vapor of the cool- 
ing medium, so that it becomes liquid and releases its ther- 
mal energy outside the space to be cooled. 

A solar-powered air conditioner, in contrast, has to get 
along without an electric compressor - after all, solar col- 
lectors do not generate electric power; instead, they yield 
only heat. These systems cannot operate entirely without 
electric pumps to move the cooling medium, but the pumps 
can be designed to be much less powerful than a com- 
pressor. Thus, even a relatively small photovoltaic installa- 
tion can provide the necessary electric power. 

The function of the compressor is taken over by so- 
called absorbers: these bind the vapor of the cooling medi- 
um - it is usually water - and give off the heat content of 
the vapor. When heated, they release the water again and 
thereby cool their surroundings. There are a number of sol- 
id and liquid absorber materials; in everyday life, we often 
see them in the form of silica-gel beads, which keep mois- 
ture-sensitive products dry in their packages. In order to use 
the absorption effect for solar-assisted air conditioning, re- 
searchers and engineers have developed several technical 
concepts. Experts class them as systems with open or with 
closed cooling cycles. 

closed Systems 

Systems with a closed cycle pump cold water through cool- 
ing tubes in the ceiling and walls of a building, like a reverse 
heating system. Eor systems of this type, SK SonnenKlima 
in Ahlen, Germany has developed a small refrigeration plant 
which, with a maximum of 1 6 kilowatts of cooling power, 
can cool for example one floor of a hotel. 

This absorption refrigeration plant feeds a separate cool- 
ing-water circuit via a heat exchanger. To produce the cool- 
ing power, it evaporates water in a chamber at low pressure 
at 5° C. The absorber medium, a concentrated solution of 
the salt lithium bromide, then absorbs the water vapor, af- 
ter which it is pumped into a second chamber at a higher 
pressure. There, the actual “motor” of the cooling system, 
namely the heat from the solar collector, again separates 
the water from the salt solution. A portion of the cooling 
power has to be diverted to condense the water vapor re- 
leased from the salt, after which it passes again into the 
low-pressure chamber, completing the cycle. Closed-cycle 
refrigerators of this type require only moderate solar actu- 
ating temperatures between 55 and 100° C, so they can be 
operated with low-cost flat solar panel collectors. 
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SOLAR AIR CONDITIONING 



FIG. 1 I SOLAR COOLING WITH A DOUBLE BOTTOM 




Solar collector 



Supply air 



Absorption rotor 



Heat 

recovery 

rotor 



Humification 



Rdand Wengenm ayr 



An open absorption-assisted cooling plant has an air 
supply duct (below, blue color) and an exhaust air duct 
(above, red). Two rotors turn through both ducts, the 
absorption rotor very slowly and the heat-recovery rotor 
around eighty times faster. Both have a honeycomb 
structure with many fine channels, in order to present the 
largest possible surface area to the air which is flowing 
past The absorption rotor initially dehumidipes the 
incoming air, while the recovery rotor precools it The dry 
air can now take up a large amount of water from the 
humidiper which follows. Since the water must evaporate 
in this process, it removes heat from the air: it cools and 
can be used for the air conditioning of the building. In 
order that the absorption rotor be continuously ready to 
take on water, the used exhaust air from the building is 
heated by a solar collector. Then it can take up additional 
moisture in Powing through the absorption rotor and 
thus carry off the water absorbed from the incoming air. 
The heat-recovery rotor and a second humidiper increase 
the cooling power of the plant. 

(Graphics: Roland Wengenmayr.) 



The Ahlen firm aims at a market price of under 10,000 € 
for their cooling plants; added to that is the investment for 
the solar collectors: All together, a small plant of this type 
is still more expensive than an electric compression cool- 
ing system of the same cooling power, which costs between 
4,000 and 6,000 €. However, it requires only one-tenth as 
much electric power, and is therefore much cheaper to 
operate. 

The SK SonnenKlima GmbH envisions a strong future 
market for small closed-cycle systems. In addition to the 
Mediterranean region. North America and Asia, also Arabi- 
an countries such as the United Emirates will be interest- 
ing markets for sales of the plants - as will Central Europe, 
as well. 

Open Systems 

open systems draw in air, and not only cool the gas mix- 
ture, but also dehumidify it at the same time (Eigure 1). 
They are suitable mainly for large central air-conditioning 
systems with a high air throughput. 

Eor example, the factory of the furniture castor pro- 
ducer H.C. Maier GmbH in Althengstett, on the northern 
edge of the German Black Eorest, has been air conditioned 
since 2000 using a solar-assisted open-cycle cooling plant. 
The researchers at the Eraunhofer institute, together with 
industry partners, installed a solar-assisted air conditioning 
system for the seminar room and cafeteria of the Chamber 
of Commerce and Industry of South Baden in Ereiburg in 
2001. These plants utilize an open absorption technique. 

Instead of using solar energy, plants of this type can al- 
so make use of industrial waste heat or other low-temper- 
ature heat sources such as surplus heat from a block heat- 
ing and power plant for their actuation. A combination of 



solar heat with other heat sources is also possible. This flex- 
ibility opens a broad range of applications for solar-driven 
air conditioning even in Central Europe. Air conditioning 
using solar power is still exotic, but the number of these sys- 
tems installed in Europe has nearly tripled over the past 
two years. 

Summary 

When the Sun is burning down mercilessly, it also delivers the 
most energy, which can be used to power large air-condi- 
tioning systems. At present, there are two basic methods of 
operating solar-assisted cooling plants. Closed systems work 
with a closed-cycle cooling-water circuit. They are principal- 
ly suited for single floors or smaller buildings. For large build- 
ings with a high throughput of air, open systems are more ef- 
ficient: They cool and dehumidify the air supply directly. Both 
methods utilize the same principle: An evaporating liguid 
takes up heat and cools interior rooms or the water in a cool- 
ing circuit. The vapor is transported outside and re-condensed 
there, releasing its stored heat energy. The transport agents 
are absorption media - drying agents - which are freed of 
the water they have taken up by applying solar heat. 
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Climate Engineering 

A Super Climate in the 
Greenhouse 

BY Roland Wengenmayr 




Fig. T The Post Office Tower in Bonn, Germany, is the first decentrally air condi- 
tioned high-rise building worldwide. The natural ventilation is driven by wind 
pressure and the chimney effect (photo: Deutsche Post World Net). 
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Large buildings full of people and machines 
that are sources of heat are a challenge to 
air-conditioning engineers. This is especially 
true of alternative designs, which dispense 
with energy-consuming air conditioning and 
make the most of natural resources such os 
winds and the chimney effect 

L arge buildings often present a challenge for providing a 
comfortable climate to the inhabitants. Their extensive 
glass facades turn them into greenhouses on sunny days. 
The heat output of human beings is also a factor which is 
not to be underestimated when many people occupy a 
building; furthermore, one must not forget the energy out- 
put from technical equipment such as computers. In con- 
ventional high-rise buildings, air conditioning machinery 
thus takes up about every 20 ^^ floor, and on all the other 
floors there are voluminous air ducts above the false ceil- 
ings. This air conditioning eats up money and energy for its 
construction and operation, and it causes health problems 
for many of the occupants of the buildings. 

Architects have been looking for a way to solve these 
problems with intelligent architecture for some years. They 
want to make expert use of sources of heating and cooling 
from the environment, as well as various physical effects 
which can contribute to providing a basic air conditioning. 
Additional equipment can then manage the ‘fine tuning’ and 
compensate for peak loads; it can be much smaller and 
more energy economical. Such an alternative construction 
however represents an enormous technical challenge: It 
must provide comfortable conditions in hundreds of rooms 
reliably during every season of the year. 

For this reason, architects work closely together with air 
conditioning and climate experts, for example with the firm 
Transsolar Energietechnik GmbH in Stuttgart, Germany 
and New York. This pioneering venture into sustainable air- 
conditioning technology was founded by the mechanical 
engineer Matthias Schuler and some of his research col- 
leagues in 1992, coming from the University of Stuttgart. In 
the meantime. Transsolar can exhibit an impressive list of 
reference projects, ranging from the Mercedes Museum in 



Renewable Energy. Edited by R. Wengenmayr, Th. Biihrke. Copyright © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 






1 


1 CLIMATE ENGINEERING 









FIG. 2 I AIR CONDITIONING 



Exterior fagade 




This cross-section through one floor of the Post 
Office Tower shows the path taken by the fresh 
air supply through the double fagade into the 
offices (red arrows). The air first flows into the 
intermediate space between the inner and outer 
fagades through the air shutters (left). From 
there, it enters the office spaces either through 
opened windows or through the subcorridor 
convectors. Via the exhaust ducts and the 
corridors it then flows on into the sky gardens, 
which transport it out of the tower using the 
chimney effect. During rare weather conditions, 
fans support the air flow. Water pipes in the 
concrete ceilings provide additional cooling for 
the rooms in summer (blue arrows); in winter, 
hot water is pumped through them for space 
heating (graphics: R. Wengenmayr). 



Stuttgart, the main rail station in Strasbourg, to the interna- 
tional airport in Bangkok. 

Every large building has to function like a single organ- 
ism: Glass fagade, roof, atria and stairwells, offices, confer- 
ence rooms, cafeterias and the basement all become ele- 
ments of an architectural air-conditioning system. Its task is 
to maintain the air in the building at a comfortable tem- 
perature and humidity and circulate it without creating un- 
pleasant drafts. Unusual methods are employed, for exam- 
ple large channels in the ground which precool the enter- 
ing air. 

Beginning with the earliest planning phase, it must be 
guaranteed that all the components of the building will 
work together as planned. The engineers from Stuttgart em- 
ploy elaborate computer models, which simulate the com- 
plete structure with all of its physical properties in detail. 
The software, developed by the firm, models the interior cli- 
mate during the day and night, for every weather condition 
and in all seasons. The structural and physical properties of 
the windows, walls and ceilings and even the behavior of 
the people in the building are taken into account, insofar 
as they influence the interior climate. For example, the less 
effectively the architects make use of daylight, the more in- 
vestment and power must be expended for illumination. Ar- 
tificial lighting can with unsuitable planning become an im- 
portant heat source within a building. The simulation of 
the interior illumination is therefore closely keyed to inte- 
rior climate modeling. 

In constructing very large buildings, the engineers are 
often breaking new technological ground, and computer 
simulations alone are not able to describe the situation cor- 
rectly. In such cases. Transsolar builds real models of the 
planned building or its critical sections and tests them un- 
der varying weather conditions. If necessary, the engineers 
even construct a 1 : 1 mockup of a complete office with a 



section of the glass fagade and let it be “occupied” for sev- 
eral months by monitoring equipment. 

The Post Office Tower in Bonn (Figure 1) gives an im- 
pressive example of what modern climate engineering can 
accomplish. The architects Murphy and Jahn in Chicago de- 
signed this new administration building for the German 
Post Office, a 160 meter high structure of 41 stories, and Hel- 
mut Jahn brought Transsolar on board. The result is sum- 
marized by Transsolar's Thomas Lechner: “It is the first 
high-rise building with decentral venti-lation”. This dry state- 
ment sums up a technical sensation: Instead of a central air- 
conditioning plant with its enormous air-supply and ex- 
haust shafts, the rooms themselves, supplemented by many 
small air channels, secure the ventilation of the building. 

Two physical forces keep the air for ventilation and ba- 
sic air conditioning in motion: The wind that almost always 
blows around such a high building that stands alone, and 
the chimney effect, which causes warm air to rise in the in- 
terior of buildings. 

In addition, they designed “activated” concrete ceilings: 
These contain thin water pipes, which carry cooling ground 
water from two wells below the building in summer, and 
hot water for heating in winter. 

The architectural design accommodated this ventilation 
concept from the outset. The floor plan of the tower, which 
is supported by a pedestal structure, corresponds to two 
slightly shifted circular segments. Between them is a transi- 
tional area which contains very high spaces. These so-called 
sky gardens extend over nine stories each and form chim- 
neys. The warm exhaust air from the offices rises up through 
them and then leaves the tower via exhaust vents on the 
sides. This gentle chimney effect is one of the two natural 
air-conditioning motors in the high-rise building (Figure 2). 

The other natural driving force works at the air inlet side 
of the tower. There, the wind pushes fresh air into the build- 
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ing through some thousands of openings. In order to be able 
to use this pumping effect even under extreme weather con- 
ditions, the exterior facade consists of a double construction; 
the air first flows through ventilation shutters into the inter- 
mediate space between the facades (Figure 2). The north 
and south facades are separately regulated by a control sys- 
tem, which opens or closes the shutters depending on the 
wind velocity, the wind direction and the temperature. 

The essential element for air conditioning is the many 
thousands of windows in the interior facade, which can be 
opened in order to adjust the interior climate. The occu- 
pants of the building can control the air conditions in each 
room individually. The windows are one of the openings for 
cross ventilation of the tower; if they are closed, then the air 
enters through a second opening (Figure 2): In the floor un- 
der each window is one of the 2000 “subcorridor convec- 
tors”. These convectors are themselves small, individually 
adjustable air conditioning systems, which can heat or cool 
the air entering the rooms when the windows are closed. 
They have only a supplementary function. Ducts conduct 
the exhaust air into the neighboring corridor, where it pass- 
es through ventilation slits and finally into a sky garden. 

Normally, the wind pressure and the chimney effect are 
sufficient to provide good ventilation within the whole 
building. On an average of thirty days each year, however, 
a lull in the wind combined with minimal temperature dif- 
ferences between the inside and outside of the building 
make additional ventilation necessary, and it is provided by 
fans in the exhaust air ducts. 

In spite of this elaborate design, which was completely 
new, with the subcorridor convectors designed especially 
for this project, the contractors were able to construct the 
building at lower cost than with a conventional air condi- 
tioning system. The decisive point was that the decentral 
climate concept saves about 15 % in the interior volume of 
the building. This space is saved because the floors for air- 
conditioning machinery are not needed, and air ducts and 
false ceilings can be dispensed with. Of course, a portion 
of the cost savings went into the control systems. 

The basic principles of the ventilation system are in- 
deed surprisingly simple, but their realization in a high-rise 
building was demanding. The greatest problem is the enor- 
mous wind pressure. If the pressure difference between 
the windward and the leeward side were allowed to punch 
through into the interior of the building during an autumn 
storm, then many of the office doors would be pressed shut 




Transsolar projects and further reading 

www.transsolar.com 



Cloud Spaces installation, Architecture Biennale 2010 

blog.cloudscap.es/category/blog-tags/transsolar 



and desks would be swept clear of papers. The climate en- 
gineers overcame this problem with a trick: They permit 
powerful air flows through the building in order to equal- 
ize the pressure differences. But these strong airflows lose 
their power in the intermediate space between the two fa- 
cades, damped by the inlet shutters and the ventilation slits. 
This damping is so effective that the windows in the inner 
facade can be opened without causing problems even dur- 
ing a hurricane. 

Transsolar had to demonstrate with certainty that their 
refined concept would be functional in practice. The air 
flow and temperature relationships in such a high building 
are much too complex to be able to trust computer mod- 
els alone. The engineers tested physical models in a wind 
tunnel; the measurements were carried out by the Institute 
for Industrial Aerodynamics of the Technical University in 
Aachen. A decisive point was the demonstration that the air 
shutters would function as planned. 

Since mid-2003, the Post Office Tower has been in use. 
Architectural psychologists from the University of Koblenz 
have investigated whether the roughly 2000 persons who 
occupy it every day are content with their working envi- 
ronment. The climate in the tower has been highly praised 
by all. In traditional Arabian houses, the chimney effect has 
been used for millennia to cool the interior; now it has al- 
so proved itself in a modern high-rise building. 

Summary 

Large modern buildings with glass facades, full ofeguipment 
and people, are a challenge to architectural climate engineers. 
This is particularly true of alternative concepts which dispense 
with enormous, energy-devouring air conditioning machinery 
and instead make use of natural resources. The Post Office 
Tower in Bonn (Germany) is the first high-rise building world- 
wide to utilize such a decentral air-conditioning concept. The 
chimney effect in its sky gardens and the pressure of the wind 
outside of the building provide passive air conditioning. Its 
concrete ceilings contain thin water pipes which carry cooling 
ground water from two wells below the building in summer, 
and hot water for heating in winter. Small, compact air con- 
ditioning units actively support the natural ventilation. The 
double fagade even allows the office windows to be opened. 
Omitting the large-scale air conditioning machinery even al- 
lowed the 160 meter high building with its 41 floors to be 
built 15 % lower than a conventional structure with the same 
useful interior space. 
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A Low-energy Residence with Biogas Heating 

An Exceptional Sustainability 
Concept 

BY Christian Matt | Matthias Schuler 



This example of a German therapy center 
including residential accommodation shows 
how an intelligent concept is capable of 
cleverly Joining ecology and economy. 
Furthermore, the combined biofuel and 
cogeneration unit of the neighboring farmer 
makes even the heating largely autonomous. 

T he architectural office of Michel, Wolf and Partners 
(Stuttgart, Germany) has developed a complex of build- 
ings in cooperation with Transsolar Energietechnik GmbH 
(Stuttgart) featuring an exceptional energy concept. It 
emerged from an old mansion in the Bergheim district to 
the northwest of Stuttgart. The plan was to renovate this 
villa so that it would accommodate a therapeutic institution 
for a group of just under 40 handicapped people. For ac- 
commodating the group residents and for other apartments, 
a new building was attached to the villa, built by the Dea- 
conry Stetten. This religious institution wanted a building 
that would have low energy costs, use renewable energy 
sources, and still provide high living standards for its resi- 
dents. 

The new extension is a long, three-story, low-rise build- 
ing whose generous windows provide a notion of trans- 
parency. These large windows fulfill two important tasks in 
our energy concept. On the one hand, they provide high- 
quality daylight for all the rooms of the new building, thus 
saving on artificial light and electrical energy. On the oth- 
er hand, lots of sunlight enters the rooms in winter. This so- 
lar benefit additionally lowers energy consumption because 
heating can be reduced. 

The fixed budget for the large low-energy home would 
provide a feasible solution only if we followed a holistic ap- 
proach. From the start, all disciplines were included, i.e., 
structural work, electrical planning, as well as heating, ven- 
tilation, and sanitation. For example, the new building rests 
on a concrete channel instead of individual posts. Half of 
the channel serves as an earth duct, while the other half pro- 
vides for technical infrastructure such as waste water, wa- 
ter for domestic use, and ventilation. 



The earth duct beneath the building serves as a heat ex- 
changer with the surrounding earth; it supplies the interi- 
or with fresh air. In winter, it pre-warms the air naturally be- 
fore it is brought into the building via a ventilation system. 
The ventilation equipment provides sufficient fresh air sup- 
ply to the residents at all times. At the same time, it is 
equipped with an efficient heat recovery system that great- 
ly reduces the energy consumption compared to a window- 
ventilated building (Figure 1). Due to very effective thermal 
insulation and high-quality double-gla2ed windows in both 
the new building as well as in the old villa, the buildings lose 
very little heat in winter, and thus, their demand for heat- 
ing energy drops. 

In summer, thermal insulation and the outside sunshade 
keep the building cool. However, residents are required to 
play an active role. Our comfort concept asks them to open 
the windows themselves during night time in order to cool 
the massive concrete ceilings and walls through this night 
air flushing. In addition, the earth duct allows the ground 
to pre-cool the fresh air before it enters the building on hot 
summer days. 




Fig. 1 The new group home of the Deaconry Stetten with a sustainable energy 
concept (photo: © Lahoti & Schaugg, EssI ingen -Stuttgart). 
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The Heat Supply 

Another distinctive feature is the building’s heat supply: it 
has no heating unit. Instead, it is connected to the neigh- 
boring farm via a local heating pipeline. The farmer living 
there has installed a biogas system with a cogeneration 
plant. He runs an agricultural business with approximately 
100 cows whose liquid manure delivers part of the ‘fuel’. 
The remainder comes from organic waste of the sort that 
collects on a farm. From this, the biogas system produces 
methane gas (Figure 2). The downstream cogeneration 
plant generates sustainable electricity and heat from this 
methane gas. 

However, the farmer was initially afraid of the invest- 
ment costs, amounting to a good quarter of a million Euros, 
that would be necessary for such a system, in spite of his 
considerable personal contribution to its construction. Nev- 
ertheless, the Deaconry Stetten was able to convince him, 
since they as operators of the therapeutic institution guar- 
anteed that they would buy the heat they needed from him 
on a long-term basis. This provides a reliable source of in- 
come to the farmer for amortization of his investment costs. 
It is supplemented with two additional guaranteed sources 
of income, thus making the project cost-effective. The 
farmer can feed the surplus electricity from the cogenera- 
tion unit into the grid and sell it; and since this electricity 
is ‘renewable’, it is additionally subsidized in Germany via 



the so-called Renewable Energy Sources Act (see also the 
introductory chapter in this book). 

The biogas system features two further secondary ben- 
efits. First, it refines liquid manure to high-grade fertilizer 
that the farmer can distribute on his fields throughout the 
year. Second, the utilization of methane gas in the biogas sys- 
tem prevents this gas, generally produced by cows, from es- 
caping into the atmosphere as is usually the case in agri- 
culture. Methane is a particularly dangerous greenhouse 
gas, 20 to 30 times more potent than carbon dioxide. 

However, the cogeneration plantt produces more heat 
than the Deaconry building needs for heating and hot wa- 
ter, particularly during the summer, even though the farmer 
also uses the heat to cover his private needs. This is due to 
the high insulation standards in the new residence and the 
renovated villa. Therefore, the farmer is looking for addi- 
tional customers that could use the heat locally. In order to 
be able to guarantee the delivery of heat on winter days, 
the boiler in his farmhouse was supplemented with an oil 
reserve so that it can serve as a backup system. 

CO2 Balance 

Apart from investment and operating costs, the CO 2 bal- 
ance of the possible solutions was very important for find- 
ing the best concept. After the energy consumption for 
heating and hot water had been reduced by means of the 



FIG. 2 I HEAT SUPPLY 
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The local network heating concept with a biogas installation. 
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The annual greenhouse gas emission balances, expressed in 
equivalent tons of avoided CO 2 emissions, for various space- 
heating concepts. The 21 -ton contribution shown at the left 
corresponds to the methane which is not released by the farm 
from the manure produced, due to the biogas installation. 



low-energy concept, the heat required for the therapy cen- 
ter amounted to I6I megawatt hours per year (MWh/a), or, 
relative to the floor area, 55.5 kWh/m^a. Here, even after 
renovating, the consumption of heating energy in the old 
building is twice as high as in the new building. 

For assessing potential greenhouse gas emissions, all 
supply variants such as biogas, wood pellets, and also nat- 
ural gas or oil were investigated in terms of their CO2 emis- 
sions (Figure 3). Biogas was by far the best alternative; more- 
over, it even features a negative CO2 potential, i.e., it re- 
leases less greenhouse gas as compared to the case that the 
therapy center had not been built at all. As mentioned, this 
startling result is due to the fact that without the biogas sys- 
tem, the farmer’s livestock would release methane into the 
atmosphere, which now is not the case. This reduces 
methane emissions noticeably, and corresponds to savings 
of 21 tons of CO2 per year. In the most unfavorable case of 
an oil heating unit, 57 tons of CO2 per year would be emit- 
ted in addition. 

The concept that was implemented thus now saves 78 
tons of CO2 per year, compared to a conventional building. 
This clearly shows how effectively such a sustainable neigh- 
borhood solution can protect the environment and simul- 
taneously provide an autonomous energy supply. It is a good 
example of how problems are better solved in cooperation 
than alone. 



The experience of three years of operation has demon- 
strated that the local heat supply from the biogas installa- 
tion functions without problems. The heating costs are no- 
tably lower than with conventional systems, since they are 
independent of fossil energy sources (oil, electric power, 
natural gas). 

Summary 

The example of a therapy building for approximately 40 res- 
idents shows the advantages of an intelligent overall concept 
The complex comprises an old, renovated villa and an ener- 
gy-efficient new building. Large windows combined with good 
insulation use solar heat in winter and reduce electricity-con- 
suming artificial lighting. Via an earth duct, the ventilation 
system beneath the new building pre-warms the fresh air in 
winter and cools it in summer. A neighboring farmer provides 
heating and hot water. He built a biogas system with a co- 
generation unit that converts the liquid manure of his cows 
and other organic wastes into sustainable electricity. The 
farmer feeds his surplus electricity into the power grid. This 
concept reduces the total greenhouse gas emissions of the 
building complex including the farmhouse tremendously. 
Thanks to subsidies, it has already become economically at- 
tractive in Germany. 
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Building Thermography Examined Closely 

The Allure of Multicolored 
Images 

BY Michael VoLLMER | Klaus-Peter Mollmann 



Building thermography using infrared cameras is becoming 
increasingly popular, since effective thermal insulation of 
buildings is in great demand. The gaudy false-colour images 
contain a great deal of information, but can easily be misin- 
terpreted by those lacking in knowledge and experience. We 
give an introduction to the technology and its tricks on the 
basis of selected examples. 

T he technology of infrared imaging systems has devel- 
oped rapidly since the mid-1990’s. It has been driven 
by progress in microsystem technology, which has pro- 
duced increasingly powerful detector arrays (sensors for in- 
frared radiation) and read-out circuits. At present, a variety 
of camera systems for various applications are on the mar- 
ket [1]. They are used in many areas of technology and 
teaching [1-4]. For civil applications, IR cameras with 
megapixel detector arrays are already available. 

In recent years, much less expensive cameras with a 
smaller number of pixels have come onto the market. Typ- 
ical of these are systems in the price range under 5000 €, 
with 160 X 120 or even only 60 x 60 pixels, and reduced 
software options. This is not surprising, since contact-free 
temperature measurement is an excellent instrument for 
analyzing e.g. the thermal insulation of buildings (Figure 1). 
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In this field, the word “infrared” is often replaced by 
“thermaF’, so that one usually speaks of thermal cameras and 
thermal images. 

This basically positive development however creates 
some problems, in particular since the false-color images 
must be interpreted correctly. There are many traps lurking 
here, and we demonstrate some of them using examples. 
For this reason, several businesses and also the camera man- 
ufacturers offer training and certification courses on the 
fundamentals and applications of thermography [5]. To be 
sure, such courses cost as much as the less expensive cam- 
eras, so that some “services” dispense with the course and 
nevertheless offer thermographic analyses. 

This is where the problem begins, as measurements car- 
ried out with an IR camera can be traced back to a variety 
of different sources of thermal radiation. Here, in addition 
to the object being investigated, the environment and even 
the camera itself play a role. In addition, there is a large 
number of possible error sources in recording and inter- 
preting thermal images [I]. These can be avoided or cor- 
rected only by users who have a precise knowledge of the 
underlying thermal and radiation transport mechanisms. 
Untrained users, on the other hand, often simply produce 
colorful pictures. 

The Goals of Building Thermography 

In the course of the energy-efficiency discussion, buildings 
in the private as well as the industrial sector have become 
a focus of attention. Since they are usually heated using fos- 
sil fuels, better thermal insulation automatically results in a 
reduction of CO 2 emissions. Furthermore, fuel costs play an 
increasing role. This has resulted in political efforts to pro- 
mote better building insulation (for German regulations, 
see e.g. [6,7]). One of the results is “energy passports”, 
which document the energy consumption of buildings. 



Fig. 1 Infrared images of buildings such as this one are 
frequently found in the media. The faise-coior representation 
is reasonabie, but its interpretation is demanding. Untrained 
users often reach completely invalid conclusions. 
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Fig. 2 This infrared image reveals wooden half-timbering behind the stucco facade of this house. The different heat capacity and conductivity 
of wooden beams and masonry partitions gives a clear-cut contrast in the thermal image. 
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Fig. 3 The infrared picture shows the piping of the floor heating system through the floor screed. The photo at the right, taken before applying 
the screed, demonstrates how precisely the pipes can be located from the IR image. 
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Fig. 4 The influence of radiative cooling from the environment on the surface temperatures of two neighboring buildings. 








The introduction of legal limits for heat losses has also 
necessarily led to the development of methods for testing 
the thermal properties and thus the insulation of buildings 
[8-11]. Thermography has come into use in this field since 
the 1990’s for the following applications: 

• Locating thermal bridges. This includes finding hidden 
structures such as half-timbering behind a stucco facade; 

• Locating water intrusions and moisture; 

• Identifying leakage from pipes, for example in floor 
heating systems; 

• Quantitative determination of so-called heat-conductiv- 
ity coefficients. 

Methods 

In order to be able to interpret thermographic images cor- 
rectly, one must register a series of additional data before 
and during the measurements. A summary of the basic rules 
for structural thermography is given in Chapter 6 of refer- 
ence [1] . Among these are general factors such as the prepa- 
ration of the parts of the building to be investigated, but al- 
so geometric data. The latter include the absorption of the 
radiation by the atmosphere, the radiative influence of 
neighboring objects via the so-called view factor, and also 
the geometric resolution of the images. 

Owing to their large masses, buildings or parts of build- 
ings often have rather long thermal time constants, up to 
several hours. Therefore, weather conditions before and 
during the thermo-graphic investigations are important. 
Measurements on a dry morning before sunrise are optimal 
for quasistatic conditions, providing that it was cloudy and 
there was no precipitation during the night or the day be- 
fore. This guarantees that the sun has not warmed up par- 
ticular parts of the building by direct solar radiation. Fur- 
thermore, it ensures that there was no noticeable radiative 
cooling into the clear night sky. However, such conditions 
are not often available, so that as a rule, compromises must 
be made. 

Exterior thermal images are often taken only to give an 
additional overview. Occasionally, for example with rear 
ventilated facades, they are not at all useful. Quantitative 
thermographic structural analyses are usually made from 
within the building, since many thermal signatures become 
visible only there. 

It makes sense to take visible-light photos from the same 
perspective as the infrared images, in order to visuali 2 e the 
mapping in the test report. This report should take into ac- 
count all the relevant ordinances and norms. It is usual to 
mark points, lines or surface areas in making a quantitative 
analysis of the images. This is done either directly in the 
camera or in a later analysis of the images. When all the pa- 
rameters are correctly adjusted, these marked regions show 
either minimal, maximal or average temperatures. In order 
to capture the thermal signatures of small structures quan- 
titatively with high precision, the optical system of the IR 
camera must provide the necessary geometric resolution 
[ 1 ]. 



Examples of Thermal Bridges 

In the residence shown in Figure I , one can clearly discern 
a reddish-white spot at the upper right edge of the dormer 
window. This is the thermal signature of an energy-effective 
heat leak, as can be demonstrated by comparison to other, 
similarly-constructed dormer windows on the same house 
(not visible in the picture). The cause is a lack of insulation. 
Interior thermography showed in the first instance that the 
temperature did not drop below the dew point when the 
outside temperature was around frec 2 ing; however, with 
still lower outside temperatures, this could happen. In ad- 
dition, this heat leak caused such high additional heating 
costs that its repair would pay for itself within a few years. 
The rectangular dark areas, by the way, are reflections of the 
cold night sky from windows and a solar heating installa- 
tion on the roof. 

Hidden Structures made Visible 

Thermography is by now a well-established method in mon- 
ument preservation for making structures hidden behind 
walls visible. In Figure 2, the example of a half-timbered 
house is shown; the facade has been covered with stucco. 
The wooden beams and the filler material in the partitions 
between are clearly visible in the IR image, owing to their 
differing heat capacities and heat-transfer characteristics. 

Thermography is also suited to the detection of other 
hidden building structures. Among these are the location of 
bricked-up and plastered-over windows, or finding piping 
in floor heating systems (Figure 3). Images of this type al- 
low a view through the floor screed and floor coverings and 
can therefore serve to locate leaks. 

View Factor and Thermal Time Constants 

Figure 4 shows two neighboring houses, of which an out- 
door thermal image was taken around midnight under a 
clear sky. The house in the background shows distinctly dif- 
ferent wall temperatures from different areas, for example 
comparing the areas AROI and AR03 in the image. 

The cause in this case is not different insulation of the 
wall areas. A correct interpretation can be obtained only by 
taking into account the so-called view factor [I], which de- 
scribes the radiation exchange between the walls and neigh- 
boring objects, the ground, and the night sky. The wall, 
which faces west, is not screened by any nearby objects, so 
that its radiation exchange with the cold sky is particularly 
strong. In technical terms, the night sky has a large view fac- 
tor. As a result, the outer surface of this wall area (AROI) 
cools faster than the other wall area AR03, where the view 
factor of the sky is reduced by the neighboring house. 

House walls with different structures also cool at dif- 
ferent rates. These different thermal time constants are seen 
in Figure 4 in comparing the areas AROI and AR05. The 
house in the foreground, due to the different composition 
of its walls, shows a notably higher wall temperature. The 
insulation of both walls is nevertheless comparable and suf- 
ficient; this however can be recogni2ed only by analy 2 ing 
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indoor thermal images. The house in front has a rear ven- 
tilated facade. Due to the high heat capacity of the 
stonework facade, it has a much longer thermal time con- 
stant than the thin stucco layer mounted directly on the in- 
sulation of the other house. The image thus shows the re- 
maining heat from solar warming during the previous day. 

Consequences 

As we have seen, a correct, detailed interpretation of ther- 
mographic images is a complex problem, since a number 
of different factors influence the results of a measurement. 
Therefore, the very low-priced thermal analyses being of- 
fered today, for example thermography of a house for only 
100 €, must be regarded with some skepticism. “Analysis” is 
here often equivalent to simply taking IR images. The sub- 
sequent attempts at interpretation of the resulting colorful 
images without professional experience must then neces- 
sarily lead to incorrect conclusions. 

Summary 

Thermography of buildings using infrared cameras is becom- 
ing increasingly popular, as good thermal insulation of hous- 
es is growing in importance. The resulting garish false-color 
images contain useful information, but can lead to serious 
misinterpretation when examined by non-experts. A correct 
interpretation reguires among other things information about 
the site, shadowing by nearby objects, the weather, and heat- 
ing of surfaces exposed to the sunlight during previous days. 
As a rule, interior images are more meaningful. Along with 
evaluation of thermal insulation, thermography is also use- 
ful for visualizing hidden structures, such as covered half-tim- 
bering or heating pipes. 
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German Aerospace Center (DLR), 
Desertec 110 

German biodiesel production 72 
German Renewable Energy Act (EEG) 
4,7 

germanium 40 

gettering 47 

glass coating 53 

glass facades 39, 148 

glass roof 91 

glass substrate 57 

glass tubular photobioreactors 80 

global warming 119 

glucose 70 

Goldisthal (Germany) storage power 
plant 24 
grains 69 
grain boundaries 44 
granitic rock 60 
graphite crucible 57 
graphite electrode 14 1 
Gratzel solar cell 36 
gravel-water storage reservoirs 128 
gravitational attraction 95 
gravitational energy 60 
gravity acceleration 89 
gravity-based foundations 96 
gravity waves 100 
greenhouse, climate engineering 
148-150 

greenhouse effect 

- biofuels Ilf, 69, 74, 77 

- biogas heating 152 

- solar updraft tower 88 

- tidal-stream power plants 98 
grid see power grid 

grinding mills 14 



Gross Schonebeck geothermics 
(Germany) 60, 64 
groundswell 100 
groundwater 125 
Gulf Stream 95 
guy wires 92 

h 

harvest factors 36, 56 
heat 

- bioliq® process 83 

- geothermics 60 f 

- PEMFC 132 

- reservoirs 123 

- solar updraft tower 88 
heat exchangers 

- Andasol 113 

- geothermics 6l f 

- solar thermal power plants 31 
heat losses 

- building thermography 1 56 

- heat storage 124 

- solar thermal power plants 34 
heat on call 123-129 

heat transport 125 

- fuel cells 134 

- piping 29 

- solar air conditioning 146 
heat-directed operation 123 
heat-engine processes 30 
heating-cooling conversion 131 
heat-transport medium 

- gravel-water storage 129 

- heat storage 123 

- solar thermal power plants 30 f 
height, solar updraft tower 89, 92 
heliostats 29 

Heller cooling towers 113 
hemicellulose 73, 76 
high-level water reservoir 23 
high-power sea cables 12 
high-pressure flow gasification 84 
high-purity silicon 45 f 
high-temperature fuel cells 130 
high-temperature polymer electrolyte 
membrane (PEM) 135 
high-temperature receiver module 33 
high-voltage circuit 138 
high-voltage direct current transmission 
(HVDC) 21, 115 f 
holes 39,47-53 
hopping 39 

horizontal-axis turbines 96 

horizontal-shaft turbines 93 

Horns Rev offshore windpark 15, 18 

hot air collector 88 

hot dry rock (HDR) systems 1 1 , 63 

hot-water reservoir 62, 128 

household garbage 70 

hybrid vehicles 131,138 

hydraulic drives 30 

hydraulic geothermic stimulation 64 

hydraulic turbines 105 

hydrocarbons 73 , 1 1 8, 1 36 

hydroelectric power plants 6 ff, 23-26 

- EU-MENA countries 112 
hydrofoil applications 96 
hydrogen 

- energy storage 24, 1 1 8- 1 22 

- filling station 120 

- fuel cells 130 



- PEMEC 132 

- solar cells 47 

- steam reforming 136 

- vehicle fuels 118 
hydrothermal geosystems 62 

i 

Iceland geothermics 60 

impulse turbines 105 

impurities 47 

India wind power plants 5 

industrial-scale tidal-stream parks 95 

infrared cameras 154 

ingots 36, 44 

injection well 62 

installations 

- biogas heating 152 

- fuel cells 130 

- MCEC 136 

- offshore wind power plant 12, 20 

- photovoltaics 38, 43 

- tidal-stream power plants 96 f 

- water power 7 ff 

- wind power plant 7 ff, 17 
internal combustion engine 119 
internal combustion plus electric power 

138 

internal storage heat losses 124 
investment costs see costs 
ionic liquids 70 

Islay (Scotland) wave power plants 103 

J 

Japanese wave power plants prototype 
103 

junctions 53 

see also p-n junction 

k 

Kalina cycle 6l 

Kaplan turbines 24 ff 

Kariba dam (Zimbabwe) 26 

Karlsruhe bioliq® process 83-87 

kerosene substitutes 81 

kinetic energy 23, 95 

Klotze (Germany), algae 80 

Korean tidal-stream power plants 95, 98 

Kujukuri wave power plants 1 03 

I 

Landau (Germany) geothermics 6l 
land-based wind energy 9 
landscape protection 21,24 
Larderello (Italy) geothermics 60 
large solar updraft tower power plants 
92 

large-scale cultivation 69 

large-scale hydroelectric plants 24 

lattice defects 47 

laughing gas 69 

lead-acid batteries 142 

lens concentrators 27 

lifetime 

- CdTe thin-film solar cells 56 

- photovoltaics 39 

- solar updraft tower 88 

- wave power plants 104 
lift devices 14 

light concentration 27 
light quantum see photon 
light-emitting diode 39 



lightweight constructions 17 
lignite 85,114 
lignocellulose 73, 76 
Limfjord (Denmark) wave power plants 
101 

LIMPET (Locally Installed Marine Power 
Energy Transformer) 102 
linear Eresnel collector 30 
linear wave theory 101 
lipids 80 

liquid absorber materials 146 

liquid energy carriers 80 

liquid fuels 120 

liquid salts 70 

lithium bromide 146 

lithium cobalt dioxide cathode 14 1 

lithium-ion batteries 1 30 f, 1 39 ff 

load cycles 17 

locations 

- offshore wind power plant 20 

- tidal-stream power plants 96 

- wave power plants 104 
longchain polymeric materials 40 
long-term reservoirs 72 

losses 

- heat storage 124,127 

- offshore wind power plant 21 

- semiconductor material 36 

- solar thermal power plants 31,34 
see also thermodynamic losses, heat 
losses 

low-energy residence 151-153 
low-temperature fuel cells 1 3 1 f, 1 35 

m 

macroalgae 79 
maintenance costs see costs 
manganese oxide 143 
manure 70, 152 

Manzanares (Spain) solar updraft tower 
90 

masses 130 

mass-specific energy storage density 
119 

materials 

- geothermics 66 

- photovoltaics 44-51 

see also semiconductor materials etc. 
Max-Planck Campus in Golm (Germany) 
energy management system 127 
mechanical energy 88 
mechanical stresses 40 
megapixel detector 154 
melting points 3 1 , 43 f 
membranes 

- hydrogen storage 119 

- lithium-ion batteries 14 1 

- osmosis power plants 107 

- PEMEC 132 
methane 

- algae 80 

- biogas heating 152 

- fuel cells 134 

- hydrogen energy storage 118 f 

- offshore wind power plant 20 

- water power plants 24 
methanol 

- biofuels 69,73,130 

- bioliq® process 85 

- dimethyl ether (DME) 86 
methyl ester 69 




methyl tertiary-butyl ether (MTBE) 85 
microalgae 79 
microfuel cells 136 
microorganisms 71 
Middle East, Desertec 110 
Mighty Whale Gapan) wave power plants 
103 

Mildura solar updraft tower 93 
minerals 84 
mirrors 27-34 
miscanthus 76, 79 
mobile fuel cell applications 1 30- 1 37 
mobility, electric automobiles 1 38- 1 44 
moderate scenario 121 
modules (photovoltaics) 43, 52 ff 
Mojave Desert (California) parabolic- 
trought power plants 30 
Molasse Basin (Germany) geothermics 
60 

molten carbonate fuel cell (MCEC) 130, 
135 

molten salts 3 1 f, 1 1 3 
molten slag 86 

monocrystalline silicon 36 ff, 44 
monomer sugars 70 
monopile foundations 96 
motor characteristics 139 
motor fuels synthesis 83 f 
Miilheim Process 71 
multicolored thermography images 
154-157 

multicrystalline silicon 44 
multipole synchronous generator 16 
Mutriku (Spain) breakwater power plant 
100 

n 

nacelle-retrieval module (NRM) 97 
natural convection 125, 148 
natural gas 83, 111, 122, 130 
n-conducting layer 39, 53 
neap tides 96 
near-coastal regions 18 
near-surface geothermal heat 1 1 
net energy gain 74 

Neubrandenburg (Germany) heat storage 
125 

Neustadt-Glewe (Germany) geothermics 
6l 

NiCd batteries 142 
nickel-cobalt-aluminum 143 
NiMH batteries 142 
nitrogen test 65 
nitrous oxide 69, 74 
noble-metal catalysts 134 
noise (wind power plant) 16 
North Africa, Desertec 110 
North German Basin geothermics 60 
North Sea offshore wind power 12 
not in my back yard phenomenon 
(NIMBY) 21 
nuclear power 8, 23 

- biodiesel 73 

- Desertec 113 f 

- harvest factor 37 

- hydrogen energy storage 118 

o 

ocean-current power plants 7, 95 - 1 06 
oceans compartment 73 



offshore wind energy park Alpha Ventus 
5 

offshore wind power plants 12, 17 ff 
offshore windpark Horns Rev 15,18 
oil-free designed tidal-stream power 
plants 97 
oils 73-76, 84 

open absorption-assisted cooling plant 
147 

open pond algae cultivation 80 
open systems 

- heat storage 123 

- solar air conditioning 147 
operating lifetimes 

- electric automobiles 142 

- solar updraft tower 91 

- water power 8 
operating principle 

- bioliq® process 83 ff 

- electric automobile batteries 142 

- fuel cells 130 ff 

- impulse turbine 105 

- lithium-ion batteries I4l 

- osmosis power plants 107 

- owe turbines 105 

- PEMEC 133 

- solar air conditioning 146 

- solar thermal power plants 27 

- solar updraft tower 88 

- tidal-stream power plants 96 

- ventilation system 149 

- wave power plants 101 

- Wells turbine 105 

- wind power plant 17 
operating temperatures 

- fuel cells 1 34 

- Li-ion batteries 143 

- PAEC 135 

- solar thermal power plants 33 
organic hydrocarbons 136 
organic rankine cycle (ORC) 6l, 66, 

131 

organic refuse 70 
organic solar cells 40 
Orkney Islands (Scotland) wave power 
plants 104 

oscillating hydroplanes 96 
oscillating water column (OWC) 100 ff 
osmosis power plants 107-108 
output power 

- Andasol 113 

- solar updraft tower 89 

- wave power plants 101 
output reservoir temperatures 125 
overall energy consumption (EU) 4 
overcharging (Li-ion batteries) 143 
oxygen impurities 4 1 , 47 
oxygenates 86 

oxygen-free intracellular algae produc- 
tion 80 

P 

palm oil 75 

parabolic trough concentrator 29 ff, 34, 
111 

partial load 139 
partial oxidation 136 
passivation 48 
p-doped regions 39 
peak-load power 113 
Pelamis wave power plants 104 



pellet heating 10 
Pelton turbine 24 ff 
permanent-magnet excitation generator 
97 

permeability 64 

petroleum 83,111 

phase angle 17 

phase boundary 46 

phonons 39 

phosphate batteries 142 

phosphoric acid fuel cell (PAEC) 135 

photobioreactors (PBR) 80 

photoconversion efficiency (PCE) 79 ff 

photoelectric effect 47 

photoelectrochemical solar cell 40 

photons 39, 47, 52 

photosynthesis 73, 77 ff 

photovoltaics 6-10,27-51 

- biofuels 76 

- Desertec 110 

- hydrogen energy storage 121 

- solar air conditioning 146 

- tidal-stream power plants 99 
physical energy density (hydrogen) 120 
physical properties 

- fuel cells 1 30 

- hydrogen 118 
piping systems 

- geothermics 67 

- hydrogen energy storage 1 19 f 

- solar thermal power plants 31 ff 
pitch concept 1 5 

plankton algae 79 
plant refuse 70 
plasma-enhanced chemical vapor 
deposition (PECVD) 48 
plastic sheet collector 91 
Plataforma Solar de Almeria 29,31,33 
plutonium 73 
p-n junctions 47 ff, 53, 57 
pollutants 21 

polycrystalline silicon 36 ff, 44 
polymer-electrolytic membrane fuel cells 
(PEMEC) 131 f 
polymer solar cells 40 
polymer sugar molecule 70 
polysaccharide 70 
Portuguese Atlantic coast (Archimedes 
Waveswing) 104 
Post Office Tower (Bonn, Germany) 

148 

potable water 110 
potassium 60 

potassium/sodium nitrate salts mixtures 
31 

potatoes 69 

power consumption 14 

- electric automobiles 1 39 
see also energy consumption 

Power Eeed-In Law (SEG) 7, 20 
power grid 1 1 

- CdTe thin-film solar cells 56 

- Desertec 110-115 

- hydrogen energy storage 119 

- offshore wind power plant 18 ff 

- photovoltaics 38, 43 

- solar thermal power plants 10,27, 
30-34 

- water power plants 23 

- wave power plants 104 

- wind power plants 16 



power plants 60-68 

- Desertec 110-117 

- EU-MENA countries 114 

- offshore wind power plant 18 

- photovoltaics 37 ff 

- solar thermal 27 

- solar updraft tower 88-94 

- tidal-stream 95-99 

- water 23-26 

- wave 100-106 

- wind 14-22 
power train 1 34 

power transmission HVDC lines 115 
power-directed heat storage 123 
pressure 

- geothermics 64 

- osmosis power plants 107 

- solar air conditioning 146 

- solar updraft tower 89 
primordial heat energy 60, 63 
probes 126 

production 

- algae 80 

- biodiesel 72 

- CdTe thin-film solar cells 59 

- geothermics 62 

- hydrogen 118,121 

- solar cells 53-57, 446 ff 
propylene 86 

proteins 80 f 
prototypes 

- Manzanares solar updraft tower 90 

- Mighty Whale wave power plants 
103 

- PEMEC 132 

- tidal-stream power plants 98 
p-type conducting absorber 53 
public acceptance 21 
pulling rates 46 

pulp alcohol 70 
pulverization 49 

pumped-storage systems 20 f, 1 1 5 , 1 25 
purification 1 1 8, 1 36 
pyrolysis coke/oil 84 

r 

radiation transport 154 
radioactive isotopes decay 60, 63 
rain forests destruction 74 
rapeseed biofuels 69, 72, 75 
rapid carbon cycle 72 
rapid gas reaction 134 
rapid pyrolysis 84 
raw materials 73, 83, 86 
real-time weather monitoring 19 
recombination 47 ff 
rectifier 39 
recycling 71 
reforming 118, 132 f 
refrigerators 146 
regulation time constants 19 
relative greenhouse effect 74 
reliability, wind power plant 1 7 
Renewable Energies Act (EEG, Germany) 
20,43,152 

renewable energy sources 4- 1 3 , 79 

repowering 121 

reservoirs 

- carbon cycle 72 

- geothermics 63 f 

- heat storage 123 



- water power plants 26 

- wave power plants 101 
resistance rotors 96 
reverse electrolysis 133 
reverse heating system 146 
reverse osmosis 108 ff 
Rhine Graben geothermics 60 
ribbon growth on substrate (RGS) 45 
ribbon silicon 38, 44-50 

river hydroelectric plants 23 f 

road vehicles 131 

robustness 95 

rock formations 63 

roof of solar updraft tower 88 

Roofs Programme (Germany) 43 

rotary bit 66 

rotating seals 97 

rotor blades 14 ff 

rotor shaft sealing 96 

s 

safety 

- dams 26 

- hydrogen 118 

- Li-ion batteries 143 
salts 66 

- biofuels 70 

- bioliq® process 84 f 

- heat storage 125 

- offshore wind power plant 18 

- osmosis power plants 107 

- solar air conditioning 146 

- solar thermal power plants 31 
sandstone stratum 125 
sawdust 45 

Scenedesmus algae 80 
Scottish offshore wind power plant 18 
Scottish Orkney Islands wave power 
plants 104 
sea cables 12 
sea conditions 105 

seacoasts exclusive economic zone (EEZ) 
12 

sealing 96 

seasonal climate engineering 149 
seasonal energy production 88, 98 
seasonal thermal energy storage 
123-129 

second generation biofuels 70 
seismic monitoring 66 
selenium cells 36, 53 
self cleaning 91 
semiconductor materials 

- photovoltaics 39-44 

- solar cells 47 

- solar thermal power plants 34 

- thin-film solar cells 52-56 
semipermeable membranes 107 
separator membrane 14 1 
shavings 70 

sheet metal 92 
silica-gel beads 146 
silicon 36-55 
silk-screen printing 4l 
silvered parabolic troughs 34 
single-crystal silicon 36, 39, 44 
slot-cone-generator 102 
slurry production 84 
small-scale hydroelectric plants 25 
social consequences 23, 26, 69 
solar air conditioning 146 f 



solar architecture 55 
solar cells 44-59 

see also photovoltaics 
solar chimney 88-94 
solar collectors 1 1 3 , 1 46 
solar electricity generating system (SEGS) 
31 ff 

solar energy 10 

- bioliq® process 83 

- heat storage 123 

- hydrogen energy storage 119 
solar installation planning 41 
solar module types 39 

solar power 

- Desertec 110-117 

- EU-MENA countries 112 f 
solar radiation 7, 10 

- Andasol 113 

- CdTe thin-film cells 56 

- CIS thin-film cells 52 

- photovoltaics 39 

- thermal power plants 27 

- updraft tower 88-93 

solar thermal power plants 27-35 

- Desertec 110-117 

Solar Two (Barstow, California) power 
plants 31 

solar updraft tower power plant 88-94 
solar-assisted local networks 128 
solid-bed absorber 86 
solid exchange interface (SEI) layer l4l 
solid-liquid boundary 45 
solid oxide fuel cell (SOEC) 1 30, 1 35 f 
solutions (osmosis) 107 
Soultz-sous-Eorets (Erance) geothermics 
67 

Southern Europe (Desertec) 110 
soybeans 69, 76 
spring tides 95 
sputtering 53 

St. Malo (Erance) tidal-stream power 
plants 95 

stall wind energy concept 1 5 
starchy plants 70,73 
stationary fuel cells applications 
130-137 

steam power plant (Andasol) 113 
steam reforming 118,136 
steam turbines 30 f 
steerable drilling systems 66 
step-up gear box 102 
Stillwell Avenue station photovoltaics 
37,40 

stimulations, geothermics 64 
stop-and-go operations 131 
storage batteries 75 
storage capacity 120-130 
storage hydroelectric plants 23 
storage medium 31 
straw 70, 83-87 
subcorridor convectors 149 
sublimation 57 
submarine power sources 1 30 
submerged tidal-stream power plants 
97 

sugars 69-76 
Sulfurcell 39 
sulfuric acid 70 
summer cycles 116, 124 
sunlight see solar radiation 27 
superheated steam 31 




surface oceans compartment 73 
surface temperatures 155 
surface tension 100 
surplus energy 119,122,131 
Sustainable Energies Act (EEG, Germany) 
37 

sustainable energy sources 4, 12-22 

- algae 79 

- biofuels 72-78 

- biogas heating 151-153 

- bioliq® process 83 

- Desertec 116 

- electric automobiles 138-144 

- EU-MENA countries 112 

- geothermics 60 

- heat storage 123 

- offshore wind power plant 21 

- osmosis power plants 107 

- solar updraft tower 88 

- tidal-stream power plants 95-98 

- water power plants 23 
synergetic effects 8 

synthetic fuels (Synfuel) 70 ff, 83-87 
synthetic oil 30, 1 1 3 

t 

tandem cells 36 
tanks 120, 128 

TAPCHAN (TAPered CHANnel) 101 
temperatures 

- Andasol 113 

- bioliq® process 84 

- building thermography 154 

- CdTe thin-film solar cells 56 

- climate engineering 149 

- electric automobiles 140 

- fuel cells 132 ff 

- geothermics 60 

- gravel-water storage 128 

- heat storage 124-127 

- hot-water storage systems 128 

- Li-ion batteries 143 

- solar air conditioning 146 

- solar thermal power plants 27, 34 

- solar updraft tower 91 
thermal bridges 1 56 
thermal conduction 128 
thermal energy storage 

- Andasol 113 

- geothermics 66 

- seasonal 123-129 

- solar thermal power plants 31-34 

- solar updraft tower 91 
thermal evaporation 53 
thermal hydrogen processing 136 
thermal insulation 151,154 
thermal losses 

- hot-water storage systems 128 

- solar thermal power plants 27, 31 , 
34 

see also losses, energy losses 
thermal time constants 1 56 
thermodynamics 88, 123 
thermography 154-157 
thin-film solar cells 36, 39, 44, 56-59 
third generation biofuels 79 
thorium 60 

three-bladed turbines 14 



Three-Gorge dam (China) water power 
plants 24, 26 

tidal-stream power plants 95-99 
tip-speed ratio 14 
titanate batteries 142 
Tofte (Norway) osmosis power plants 
107 

Toftestallen (Norway) wave power plants 
101 
torque 

- electric automobiles 139 

- tidal-stream power plants 97 

- wind energy 14 
trading periods 19 
transcontinental power network 21 
transmission lines (HVDC) 19, 1 15 
transparent photovoltaic modules 40 
transparent tower roof 88 
transport medium 123 
transportation 

- biomass 83 

- fuel cells 131 

- hydrogen energy storage 119 
triacyl glycerides 81 
Trichoderma reesei 71 
trough concentrator 28 

tubes 

- algae photobioreactors 80 

- SOEC 135 

- solar updraft tower 89 
turbines 

- Andasol 113 

- fuel cells 131 

- geothermics 62 

- osmosis power plants 107 

- pressure-staged 88 

- solar thermal power plants 27, 33 

- solar updraft tower 90 

- tidal-stream power plants 95 ff 

- water power plants 23 

- wave power plants 100,105 

- wind power plant 16 
twenty-four-hour predictions 19 
twinning grain boundaries 47 
two-blade device 16 
two-faced solar cells 40 
two-stage gasification 83 

u 

U probe 126 
underwater windmills 96 
Unterhaching (Germany) geothermics 
6l 

updraft tower (plant), solar 88 
uranium 60 
urban traffic 131 
USA wind power plants 5 
usability 7 

V 

vacuum-tube collectors 27 
valence band 39, 52 
vapor generator 62 
vaporazation 146 
vehicle fuels 10, 69, 130 
see also biofuels 
ventilation 88, 149 
vertical-axis turbines 96 
view factor 156 



voltage monitoring 140 
vulcanism 60 

w 

wafers 36 ff, 44, 53 
wall temperatures 156 
waste heat 

- biofuels 74 

- fuel cells 130,134 

- heat storage 123 
water 

- climate engineering 149 

- Desertec 110 

- geothermics 6l 

- hydrogen 118 

- photovoltaics 41 

- power plants 7 ff, 23-26 

- solar air conditioning 146 

- solar updraft tower 88 

- tidal-stream power plants 95 ff 

- wave power plants 101 ff 

- wind energy 14 
see also wave 

watt-peak cost 44 

wave motion power plants 1 00- 1 06 

WaveDragon plant 101 

wavelengths 47 

weather conditions 

- climate engineering 149 

- offshore wind power plant 19 

- wave power plants 104 
Wells turbines 100-105 
Western mill 14 

wind 

- climate engineering 148 f 

- solar updraft tower 88 
wind power 5 ff, 14-22 

- Alpha Ventus park 12 

- bioliq® process 83 

- EU-MENA countries 112 f 

- heat storage 123 

- hydrogen storage 119 ff 

- mill types 14 

- offshore 12 

- tidal-stream plants 99 

- wave plants 100 
winter cycles 1 16, 124 
wire meshwork 32 
wood 10 

- biofuels 70 

- bioliq® process 83-87 
working fluid, geothermics 62 
working temperatures see temperature 
world population - energy consumption 

10 

world production 9 
worldwide renewable energy 12 

- geothermics 60 

- hydroelectric power 8 

- solar-thermal power plants II 6 

y 

yttrium-oxide-doped zirconium oxide 
(YSZ) 136 

z 

zero-emission vehicles 1 38- 1 44 

zinc oxide 53 

Zurich commuter cycle 139 



